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Atom interferometry offers a very precise and sensitive measurement tool for various areas
of application whereof one is the registration of the gravity acceleration. While the vast
majority of atom interferometers include large and stationary setups, this field very often
implies the additional request for a mobile apparatus. The Gravimetric Atom Interferometer
(GAIN) project has been started to meet this requirement and to provide best possible
accuracy at the same time. It aims to realize an alternative to other types of gravimeters
and to combine important qualities such as high sensitivity and absolute accuracy in one
instrument.
The GAIN sensor is based on laser-cooled 87Rb atoms in a 1 m atomic fountain. Stimulated
Raman transitions form a Mach-Zehnder type interferometer which is sensitive to accelera-
tions. In this work it has been advanced to meet all requirements for mobile and drift-free
long-term operation. Therefore, selected parts of the laser system have been improved or
redeveloped. A second focus has been on systematic effects for the same objective. They
have been analyzed and measures for their suppression have been undertaken.
The apparatus has been transported, tested in relevant environments, and compared to
the most important state-of-the-art gravimeter types where a competitive performance has
been achieved. It is demonstrated, that the gravity signal of this sensor allows for a precise
calibration of the relative gravimeter types. During the measurements a best sensitivity of
138 nm/s2/
√




Atom Interferometrie ist eine sehr genaue und sensitive Methode mit einer Vielzahl von
Anwendungsmöglichkeiten, zu der auch die Messung der Erdbeschleunigung zählt. Wäh-
rend die meisten Atom Interferometer aus großen, ortsfesten Aufbauten bestehen, werden
auf diesem Gebiet häufig mobile Messgeräte benötigt. Das Gravimetric Atom Interfero-
meter (GAIN) Projekt wurde ins Leben gerufen, um dieser zusätzlichen Anforderung bei
bestmöglicher Messgenauigkeit gerecht zu werden. Es soll eine Alternative zu anderen mod-
ernsten Gravimetertypen geschaffen werden, die wichtige funktionale Eigenschaften wie eine
hohe Auflösung und absolute Genauigkeit in einem Gerät vereint.
Der GAIN Sensor verwendet lasergekühlte 87Rb Atome in einer 1 m hohen Fontäne. Mit
Hilfe von stimulierten Raman Übergängen wird ein beschleunigungssensitives Interferometer
realisiert. In dieser Arbeit wurde der Sensor mit Blick auf mobile und driftfreie Langzeitmes-
sungen weiterentwickelt. Dafür wurden einzelne Subsysteme des Laseraufbaus auf die daraus
resultierenden Anforderungen hin angepasst oder neu entwickelt. Mit derselben Zielstellung
wurden weiterhin systematische Effekte in dem Messaufbau untersucht und Maßnahmen für
ihre Reduzierung realisiert.
Der Aufbau wurde transportiert und in relevanten Umgebungen getestet. Dabei konnte
gezeigt werden, dass die Leistungsfäigkeit dieses Aufbaus mit denen der wichtigsten und
modernsten Gravimeter konkurieren kann, sie teilweise übertrifft und dass dieser Sensor zur
präzisen Kalibrierung der relativen Gravimeter verwendet werden kann. In den Messungen
wurde eine Sensitivität von 138 nm/s2/
√
Hz sowie eine Langzeitstabilität von 5 × 10−11g
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The gravitational force is one of four fundamental interactions in physics. Though it is about
1029 to 1038 times smaller than the electromagnetic, the weak, and the strong interaction, it
plays an important role on macroscopic scales such as in the field of cosmology. But also in
everyday life we are familiar with this force. All matter, including ourselves, fall back to Earth
if not dominated by other forces. Observations done over the course of several hundred years
led to a profound description of this force. Important milestone were the examinations of the
free fall made by Galileo and his conclusion that all matter is accelerated at the same rate.
The first complete mathematical description was given by Sir Isaac Newton in his famous work
“Philosophiæ Naturalis Principia Mathematica” in 1687. Newton’s law of universal gravitation






where G denotes the gravitational constant and r the distance between the centers of the masses.
The gravitational force has some characteristic properties: It is always attractive, has infinite
range, and it cannot be shielded. By now, Newton’s law of universal gravitation can be seen as an
approximation of Einstein’s general theory of relativity which is the current theory of gravitation.
It holds very precise in the limits of low mass densities and non-relativistic velocities [1, 2].
Equation (1.1) includes four parts which have been, in parts intensively, investigated in the
past and are still matter of ongoing research. These are:
The gravitational constant G has been measured by a large number of experiments but still is
the fundamental constant with the by far largest inaccuracy [3, 4].
The inverse-square law describes the decreasing strength with the distance r between the
masses. Possible violations have been tested on different length scales [4–6].




n an object with mass m1 is subjected
to is the consequence of the gravitational force. The latter is determined by the distribution
of all masses m2,n of the near and also the far environment at distances rn. Thus a
precise investigation of this force or the corresponding acceleration gives the sum over all
masses weighted with their distances. Temporal and spatial observations can allow to draw
conclusions, e.g., on the mass distribution above and below the surface of the Earth and
thereby on its composition [7–9].
The weak equivalence principle, also known as the universality of free fall (UFF) or as the
Galilean equivalence principle, states that “the motion of any freely falling test particle is
independent of its composition and structure” [2]. It is one important aspect of general
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relativity. In combination with Newton’s second law of motion F = mia the equivalence
between the inertial mass mi and the gravitational mass of the test particle m1 in Eq. (1.1)
can be tested.
For studies of all four aspects of the gravitational law it is necessary to measure either the
gravitational force Fg or the consequent gravitational acceleration ag which acts on the test
mass m1. A variety of experimental apparatus have been developed during the last centuries
to investigate one or the other. Atom interferometers are one of the newest devices which are
among other things sensitive to accelerations. Here, their application to gravity observations,
which include the aspect of the gravitational acceleration, will be covered.
1.1. Gravity and its variations on Earth
All matter on Earth is subjected to the gravitational acceleration. However, the acceleration
which can be observed includes a second contribution which cannot be avoided. The Earth is a
non-inertial reference frame because of its rotation and causes a centrifugal force
Fz = mω2d. (1.2)
Here, m denotes the observed mass, ω the rotation rate, and d the distance between the mass
and the rotation axis of the Earth. The sum of both forces determines the acceleration all
matter is subjected to. Throughout this thesis and in accordance with literature [8, 9] the term
“gravity acceleration” or shorter “gravity” will denote the combined effect of the gravitational
acceleration and the centrifugal acceleration due to Earth’s rotation. The instruments used for
measuring the gravity value are gravimeters.
Gravity acceleration is altered by a variation of influences in time and space. Global variations
on Earth can already be visible at the second decimal place. The difference in gravity between,
e.g., Berlin-Adlershof and Wettzell in the Bavarian Forest, two locations where measurement
campaigns have been performed during this thesis, amounts to 4 × 10−4 g. Regional variations,
on the other hand, are typically on the order of 10−6 g. Temporal influences are even slightly
smaller. The largest one is the basic tidal effect reaching magnitudes of up to almost 3 × 10−7 g,
whereas the effects of mass redistributions in the atmosphere or below the surface of the Earth
and also of man-made changes are again smaller.
An overview of the different effects and their magnitudes is given in Fig. 1.1. Short intro-
ductions into the physics of the Earth tides and the interest in resolving the effect of mass
redistribution are given in the following.
Tidal effect
The Earth is attracted by the gravitation arising from external bodies like the sun, the moon,
and to a minor extend other planets. Due to the inverse-square law the resulting acceleration
is non-homogeneous throughout the Earth but changes with position. On the other hand, the
whole Earth underlies an orbital acceleration which is connected to its orbital motion. Both
2
1.1. Gravity and its variations on Earth
9 , 8 1 2 , 6 4 1 , 7 4 2 nm / s²
9 , 8 0 8 , 3 6 9 , 7 5 4 nm / s²
Regional variations
Global variations






Figure 1.1.: Gravity acceleration measured within this work in Berlin-Adlershof and Wettzell
(Bavaria). The values are influenced by a variety of effects causing changes at different decimal
places which are indicated by the arrows.
accelerations exactly match at a certain point in general and for a spherical symmetric Earth in
its center of mass. At other locations their difference gives a remaining tidal acceleration [9, 10].
The tidal effect is visualized in Fig. 1.2 for a simplified system with a non-rotating Earth and
its Moon. Both bodies orbit around their common barycenter resulting in the Earth’s orbital
acceleration which only coincides with the gravitational acceleration aO in the Earth’s center
of mass O. At a point P located at the Earth’s surface the local gravitational acceleration a
differs. Here, the difference of both accelerations results in the tidal acceleration at, which can
be expressed using Newton’s gravitational law as










where G, d, and r denote the gravitational constant and the distances between point O and the
Moon and point P and the Moon respectively. As a result the tidal effect lowers gravity on the
side of the Earth facing the Moon as well as on the opposite side and the acting forces cause
elastic deformations of the Earth’s shape which can reach up to 40 cm.
In addition, a semidiurnal and diurnal variation is induced by the Earth’s rotation which
then causes the well-known rise and fall of sea levels. The moving water masses themselves give
an additional contribution to gravity variations by direct attraction (ocean tides) and also by
loading effects which again cause elastic deformations of the Earth’s shape (ocean load tides).
The latter are subject to phase leads. Even more temporal variations are introduced by changing
distances between the Earth and the Moon and between the Earth and the Sun as well as by
seasons and lunar phases. All effects together result in a variety of semidiurnal, diurnal, and
long-period tides.
Tidal effects can be calculated using theoretical models together with ephemerides of celes-
tial bodies and local parameters obtained from former gravity observations, see Appendix A.















Figure 1.2.: Emergence of the tidal effect caused by the moon.
Polar motion
The Earth’s rotation axis is subjected to slight temporal variations of its orientation relative
to the Earth’s surface. Their intersection points (poles) move several meters per year with
periodic and long-term drift components. As a consequence the distance between a fixed location
on the Earth’s surface and the rotation axis also evolves over time and thereby the resulting
centrifugal acceleration undergoes temporal changes. The latter are typically within ±50 nm/s2
in Northern Germany [12]. They can be calculated using Earth observation parameters from
the International Earth Rotation and Reference Systems Service (IERS) and then be reduced
from gravity observations.
Mass redistribution
Mass redistributions above as well as below the surface of the Earth occur due to a variety of
causes. They change the local gravity acceleration according to Eq. (1.1) and their influence
typically reaches magnitudes of a few times 10−8 g. One important aspect is the influence
of atmospheric mass variations which we were also able to observe during our measurements.
It causes gravitational attraction and also an additional loading effect. The latter vertically
deforms the crust and mantle of the Earth. The atmospheric variations at the same time cause
changes of the local air pressure which can be used in a simple model for corrections. Applying
the correlation
gatm = aatm(p− p0) (1.4)
with the admittance factor aatm ≈ 3.0 nm/s2/hPa and the normal atmospheric pressure p0 for
the specific height, the main part of the effect can be removed. Other mass redistributions are
induced, e.g., by rainfall and hydrology. Here, observations with gravimeters can be of interest to
get further insights and support other methods like water table observation wells. Beyond that
general studies of mass convections below the surface of the Earth are of interest in geodynamics
where amongst others magma transport and tectonic plate movements are investigated [13, 14].
Free air gravity gradient
The inverse square law in Eq. (1.1) causes the gravity value to decrease with the height h. This
results in a vertical gravity gradient in free air of γ = ∂g∂h ≈ 3080 nm/s2/m near the surface of
the Earth [9].
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1.2. Gravimeters based on atom interferometry
1.2.1. Atom interferometry
Atom interferometers were realized almost in parallel by different research groups in the early
1990s. They achieved the coherent splitting and recombination which are necessary to observe
interference with the help of various experimental implementations. Two of the groups worked
with micro-fabricated structures of which one was similar to Young’s double slit [15] and the
second a transmission grating [16]. The other approaches used laser waves in a traveling wave
configuration [17] and in a pulsed configuration with stimulated Raman transitions [18]. There-
after, especially atom interferometers with laser waves as beam splitters had been increased in
their sensitivities and were used for precise measurements of the fine structure constant [19, 20]
and of the gravitational constant [21–24]. The principle was also employed in different configura-
tions for precise inertial sensors like gyroscopes [25–27], accelerometers and absolute gravimeters
[28–30], and gravity gradiometers [31]. The latter are able to measure gravity gradients.
The experiments demonstrated that the possible sensitivities and absolute accuracies are
competitive to state-of-the-art instruments which are based on different working principles. For





Hz [32], and recently for a measurement in a particular quiet seismic environment
42 nm/s2/
√
Hz [33]. While most atom interferometers are constrained to fixed laboratories,
several approaches have been started to develop mobile devices. The idea is to make inertial
sensing based on atom interferometry applicable to, e.g., navigation and geophysics [34–36].
Further possible fields of application are fundamental precision measurements for testing gen-
eral relativity [37–39]. Ground based tests of the UFF already achieved Eötvös ratios η = ∆g/g
of (1.2 ± 3.2) × 10−7 and (0.3 ± 5.4) × 10−7 for the combinations 85Rb−87Rb [40] and 87Rb−39K
[41] respectively. Studies for space missions propose to drastically increase the accuracy by
several orders of magnitudes mainly due to extended times of free evolution between the in-
terferometer pulses. Within several European Space Agency (ESA) projects a compact atom
interferometry demonstrator (Space Atom Interferometer (SAI) project [42]) and further con-
cepts for sensors in space (Space-Time Explorer and Quantum Equivalence Principle Space
Test (STE-QUEST) [43, 44]) have already been developed. Another concept describes the pos-
sibility to detect gravitational waves with the help of atom interferometers in space [45].
1.2.2. Working principle
The atom interferometer discussed in this work is based on stimulated Raman transitions [18]
which are applied to a cold ensemble of rubidium-87 atoms inside a ultra-high vacuum (UHV)
chamber. The atoms are laser-cooled in a magneto-optical trap (MOT) and a subsequent optical
molasses to about 2µK in order to realize low velocities and long observation times of the cloud of
nearly 1 s. In comparison to a light interferometer the roles of light and matter are interchanged.
After preparation the atoms are coherently transferred to a superposition of two internal energy
states with different external momenta. As a consequence the states evolve onto two different
paths. Afterwards, they are redirected and finally recombined. The necessary beam splitters and









Figure 1.3.: Mach-Zehnder type atom interferometer with three Raman light pulses (π/2 −π−π/2
sequence). The first pulse creates a superposition of two internal states |g⟩ and |e⟩ with different
momenta. They evolve onto separate paths. The second and third pulse reflect the paths and close
the interferometer.
the two hyperfine states. Therefore, the frequency difference of two laser beams ω1 −ω2 is tuned
to be in resonance with the atomic transition. The single laser beams are not in resonance with
any transition but near the D2 (52S1/2 → 52P3/2) transition at a wavelength of 780 nm. If an
atom undergoes the Raman transition a photon of one light field is absorbed while at the same
time the emission of another photon is stimulated by the other light field. This way energy and
also momentum are transferred to or extracted from the atom depending on its initial state.
In a Mach-Zehnder type atom interferometer, which is used in this work, three Raman light
pulses are applied, see Fig. 1.3. After the atoms have been prepared to be all in the same internal
state, the first pulse transfers each of the atoms into a superposition of the two hyperfine states
|g⟩ and |e⟩. Its light intensity and pulse length are tuned to reach equal probabilities of occupancy
for both states (π/2 pulse). As a consequence the different states spatially separate, due to the
transferred momenta, onto two paths. After a time T a second pulse with double length (π
pulse) is applied. It inverts both the internal state and the external momentum the atoms have
on the two paths. The latter meet again after another time T . The third pulse, which is again
a π/2 pulse, finally closes the interferometer. The splitting between the paths and the phase
sensitivity becomes maximal for counter-propagating laser beams.
At the output, interference can be observed. The resulting state population depends on the
phase difference ∆ϕ between the two paths and the probability of the atoms to be transferred
to the other internal state is given by
P = 12(1 − cos ∆ϕ). (1.5)
∆ϕ includes contributions from the exact paths in space as well as from the interaction of the
atoms with the Raman laser pulses.
Atom interferometers can be used to measure influences on their phase very precisely. Depend-
ing on the implemented configuration a variety of different effects, e.g., rotations or accelerations
due to gravitational or other forces, can be observed. In order to use atom interferometers for
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high-precision experiments it is necessary to obtain a very good control on laser phases and to
suppress all but the desired influence to a sufficient level. A configuration with free falling atoms
along the vertical direction and anti-parallel laser beams which are aligned along the same axis
allows to measure gravity acceleration [28, 46]. The latter causes a phase shift of
∆ϕ ≈ keffgT 2 (1.6)
where g is the gravity acceleration, keff the effective wave vector resulting from the Raman
laser beams, and T the time between consecutive laser pulses. Equation (1.6) shows that it is
favorable to realize long interferometer times T in order to increase the sensitivity of a setup.
1.2.3. The Gravimetric Atom Interferometer (GAIN)
The GAIN experiment is an atom interferometer which has been designed to allow for high-
precision gravity measurements at different locations. This field of application implicates much
stronger and partly new requirements in comparison to experiments in optical laboratories.
Many parts, especially for the laser setup, have been redesigned in order to drastically shrink
them in size and achieve a transportable sensor. Transportable in this context means that it
can be transported by a small truck and moved around on wheels to the location of interest.
Other design criteria have been a fast recommissioning after transportation and a reliable drift-
free operation. At the same time the sensor has to maintain or increase the sensitivity of
previous laboratory experiments and has to compete with state-of-the-art gravimeters which
are based on various other measurement principles. With respect to applications of gravimeters,
see Sec. 1.3.4, the GAIN sensor should be able to demonstrate that a single instrument based
on this technique can fulfill most or even all of their requirements. For the future, it is aimed
at reaching an accuracy of the absolute gravity value of 5 × 10−10 g.
1.3. Classical gravimeters
Today, there are mainly three different types of classical gravimeters in use, which are state-of-
the-art and well established. They will be referred to as classical gravimeters to distinguish their
working principles from the one of the atom interferometer. While two types of them, mechanical
spring type gravimeters and superconducting gravimeters, allow for relative observations, laser
interferometer absolute gravimeters give an absolute value of the measured gravity. Since all of
them have their individual advantages, we performed comparisons with our atom interferometer
together with all three types. The different working principles are shortly introduced in the
following.
1.3.1. Mechanical spring type gravimeters
Mechanical spring type gravimeters are based on a test mass m which is attached to a spring of















Figure 1.4.: Principles of mechanical spring type gravimeters: vertical spring balance (left) and
lever spring balance (right), from [11].
acting on the mass then cause different elongations of the spring due to Hooke’s law
mg = k(l − l0) (1.7)
where k denotes the spring constant and l the length under load. As a result, changes in gravity
are proportional to changes in elongation of the spring. With a modification of the vertical
spring balance to a lever spring balance, see Fig. 1.4, the instrumental sensitivity can further be
increased. The mass is held by a hinged cantilever and torques due to the spring force and the
gravitational force are balanced:
mga sin(α+ δ) = kbdl − l0
l
sinα (1.8)
For a zero-length spring (l0 = 0) and α+ δ = 90° Eq. (1.8) simplifies to
mga = kbd sinα (1.9)
and the sensitivity of the balance gets maximal for α = 90° (“astatisation”). Todays gravimeters
based on this principle and equipped with position read-out systems with sub micron resolution
reach precisions of 100 nm/s2 and better. Their dynamic range is increased by electronic feedback
systems which hold the mass in optimum position.
Accuracy of mechanical spring type gravimeters is limited by alterations of the spring constant
and also of the length of the spring which are due to environmental and aging effects. These
are minimized by using special housings which are pressure-tight and stabilized in temperature.
Still, drifts in the order of 100 nm/s2/day to 1000 nm/s2/day cannot be avoided. Common
instruments are the Scintrex CG-3 and CG-5 vertical spring gravimeters and the gPhone spring
lever gravimeter [12, 14].
1.3.2. Superconducting gravimeters
In a superconducting gravimeter (SG) the mechanical spring is replaced by magnetic fields
which levitate a spherical test mass. Operated at helium temperature its superconductive coils
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Figure 1.5.: Principle of superconductive gravimeters: the section view shows coils and sphere with
magnetic flux lines, from [13].
permanently keep an initial current which is set to compensate the gravitational force. This
principle allows the instrument to achieve very low and almost linear drift rates [13, 47, 48].
The spherical test mass is vertically aligned within two niobium wire coils inside a vacuum
can. A section view is shown in Fig. 1.5. The coils generate a magnetic field which induces
additional currents on the surface of the sphere. Initial as well as induced currents are perfectly
stable in time since no ohmic losses occur in the coils and the sphere which are made out of
superconductive niobium. Currents are initialized such that the sphere levitates just above the
upper coil. The current ratio between upper and lower coil is fine tuned in order to create a
low field gradient. Consequently, already weak changes of the gravitational force cause large
displacements of the sphere analogue to a small spring constant in the case of a mechanical
spring balance.
The displacement is precisely read out by a capacitance bridge surrounding the sphere. In
order to increase the dynamical range and to keep the sphere in its optimal position with optimal
sensitivity, an additional current is fed back to a third coil which is used to balance temporal
changes of the gravitational force.
SG can realize drift rates below 0.15 nm/s2/day when operated stationary over several years.
Noise levels of only a few nm/s2/
√
Hz can be reached. For correct conversion from the necessary
feedback voltage to relative gravity changes, the scaling factor of the individual instrument has
to be determined experimentally. One common method is the comparison of data obtained from
the SG and an absolute gravimeter (AG) during parallel registration. Most SGs are installed at
fixed locations and permanently operated over several years such that their full performance is
achieved.
1.3.3. Laser interferometer absolute gravimeters
Today, the absolute gravity value is commonly determined with the help of free fall gravimeters
like the FG5 from Micro-g LaCoste and its successor FG5-X [49, 50]. The instruments include a
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test mass inside a vacuum chamber, whose position is tracked during a free fall distance of 20 cm
(FG5) up to 30 cm (FG5-X) by a laser interferometer in Mach-Zehnder configuration. Laser light
from an iodine stabilized helium-neon laser is guided by an optical fiber to the vacuum chamber
where it is split up. One beam, which is vertical oriented, is first retro-reflected by the test mass
and afterwards by an inertial reference. Finally, it is recombined with the other beam and the
resulting interference pattern is recorded by a photo-detector.
The change in path difference of the two interferometer arms is mainly influenced by the
changing distance between the test mass and the inertial reference. Analysis of the time evolution
of the fringe pattern reveals the acceleration of the test mass. The inertial reference is situated
inside a “super spring”, which is a seismic isolation and decouples the reference from floor
vibrations [51].
The test mass is placed inside a lift, which co-propagates at the same increasing velocity
without any contact between them during free fall. It therefore does not disturb the free fall
but instead reduces influences of residual rest gas still present in the vacuum chamber. After
each drop the lift automatically elevates the test mass to its initial position.
During typical operation 50 or 100 drops are recorded within an hour and added together into
one set. The scheme is repeated for 8 to 12 hours when man-made microseism is low and the
average value of 2 or 3 nights give the final gravity value [11]. At comparison campaigns like
the European Comparison of Absolute Gravimeters (ECAG) accuracies of about 20 nm/s2 have
been reached [52].
1.3.4. Applications
Gravity observations are an important tool in the field of geodesy, geophysics, and metrology. In
geodesy the shape of the Earth is studied which is strongly influenced by gravity. The so-called
geoid, which represents an equipotential surface in the gravity field and coincides with the mean
sea level, is used here as a height datum. In particular it is used for elevation determination
in cartography and navigation. Furthermore, its exact morphology is important for studies of
oceanic currents, changes of the mean sea level, and in the field of hydrology. In geophysics
especially anomalies of the gravity field are investigated. They reveal information on mass
distribution and mass transportation within the Earth and thus on the geological structure and
on geodynamics. Certain structures, e.g., are typically connected with oil and gas occurrence.
Geodynamics include processes like plate tectonics, volcanism and mountain building. Another
observable effect is the land uplift due to post-glacial rebound. In metrology the local gravity
value is required, e.g., for force and pressure measurements which are used for the calibration
of pressure gauges or the redefinition of the Kilogram standard (watt balance).
The accuracy requirements vary for the different applications and in general it has to be
distinguished between relative and absolute accuracy and the temporal resolution (sensitivity).
The requirements can reach the order of 10−8 g to 10−10 g in relative accuracy, e.g., for the
observation of geodynamical processes, and of 10−9 g in absolute accuracy, e.g., for applications
in metrology. Because there is no single instrument up to now meeting all of them, each of
the different types introduced before has its own fields of application. A more detailed and
extensive description on applications and operation of the different classical gravimeters can be
found, e.g., in [8, 9, 53].
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1.4. Organization of this thesis
The topic and aim of this research was to prepare the Gravimetric Atom Interferometer (GAIN)
for mobile measurements and to utilize this feature for comparison campaigns at other locations.
By this means, its performance could be investigated and compared to different state-of-the-art
gravimeters which are based on other working principles. A second objective was the improve-
ment of the stability of the experiment in order to prevent variations and drifts which had been
observed during former measurements. This is also a major precondition for the determination
of the absolute gravity value in the future.
In Chapter 2 the theory of atom interferometry is presented. It provides the relation between
the acceleration of the atoms and the phase measured in the experiment. In addition, it gives
insight into some of the limitations of the performance and into possible sources for drifts and
systematic offsets.
The experimental realization of the GAIN sensor is described in Chapter 3. Important mod-
ifications which have been developed within this thesis for mobile and reliable operation are
motivated and discussed. They include the development of a new laser sub-system and further
modifications necessary to achieve the required performance.
Thereafter, the measurement procedure, its several experimental phases, and the data pro-
cessing are described in Chapter 4. The course of action shows how the gravity acceleration is
determined. It remains the same for the parts that follow.
In Chapter 5 major systematic effects, which have been responsible for systematic offsets
and temporal drifts of the gravity signal, are discussed. Well-known and also new implemen-
tations for their stabilization and suppression are introduced. Amongst others, an improved
tilt stabilization is presented and the influence of the used detection on the gravimeter phase is
analyzed.
The potential of the GAIN sensor is investigated in Chapter 6. During three comparison
campaigns, each performed together with one type of the classical gravimeters, its sensitivity
and long-term stability is analyzed and directly compared. Furthermore, the obtained mobility
is demonstrated and improvements achieved on this field become visible.




The atom interferometer used in this work is based on a sequence of Raman light pulses acting
on a cloud of laser-cooled Rubidium atoms in free fall. Three Raman light pulses split the wave
function of each atom onto two paths, reflect and recombine them and thus form a Mach-Zehnder
type interferometer. The outputs of the interferometer are sensitive to phase differences between
these paths which also include a contribution from accelerations acting on the atoms during the
interferometer sequence.
In this chapter, first, the interaction between a simplified three-level atom and a single Raman
light pulse is described. In Sec. 2.2 the result is extended to a π/2 − π − π/2 interferometer
sequence which becomes sensitive to accelerations. The important equations for the calculation
of the gravity value from the measured phase are derived. Afterwards, the impact of laser phase
noise, vibrations and a gravity gradient is discussed. The effect of additional energy levels of the
87Rb atom and their AC-Stark shift, which can cause offsets and drifts, is included in Sec. 2.3.
2.1. Stimulated Raman transition
The energy difference ωeg between two hyperfine ground states |g⟩ and |e⟩ of an atom typically
corresponds to frequencies of several gigahertz (e.g., 6.8 GHz for 87Rb). Besides a coupling of
these states via microwave frequencies, it is also possible to drive the atomic transition in a
two-photon, stimulated Raman process with optical frequencies ω1 and ω2 and corresponding
wave vectors k1 and k2 [46]. The light waves are detuned by a frequency ∆ to the transition
frequencies to an intermediate level |i⟩ and have a frequency difference close to the hyperfine
splitting ωeg, see Fig. 2.1, left. An initial velocity of the atom v induces a Doppler shift ∆ωD
that is proportional to the effective wave vector keff = k1 − k2 and to v.
∆ωD = keff · v (2.1)
For counter propagating light beams, it is several orders of magnitude larger than the Doppler
shift for a microwave field. Thus, the Raman process is more favorable for a precise measurement
of the velocity or, in a sequence of multiple pulses, of the velocity change (acceleration) of an
atom. In the latter case the sensitivity can be increased using phase contributions from the
Raman pulses which occur during the atom light interaction in an interferometer scheme.
The theory presented here follows the ideas made in [54] and [55].
Atom light interaction
During the absorption or emission of photons the inner state and the external momentum of the












Figure 2.1.: Left: Three-level atom: two optical waves couple the hyperfine levels |g⟩ and |e⟩ via
an intermediate level |i⟩. The lasers are detuned by a frequency ∆ from the intermediate level and
their difference by δ from ωeg. Right: (a) the atom gets additional momentum from the absorption
and stimulated emission resulting in a changed velocity v′ after the Raman transition (b).
with the corresponding external momentum. The resulting atomic states can now be described
by the tensor product of the two Hilbert spaces
|g,pg⟩ = |g⟩ ⊗ |pg⟩
|e,pe⟩ = |e⟩ ⊗ |pe⟩
|i,pij⟩ = |i⟩ ⊗ |pij⟩.
(2.2)
Starting with one initial inner state and momentum, e.g., |g,pg⟩, the two ground states have a
constant momentum relation and their momenta differ by ℏkeff . In contrast, the intermediate
state can take three different momenta resulting from the combinations of two frequencies and
two ground states (two out of four combinations have the same result). This is indicated by the
additional index j. All five possibilities form a closed-momentum family and the quantum state
of a single atom can be described by the following wave function
|Ψ(t)⟩ = ag(t)|g,pg⟩ + ae(t)|e,pe⟩ + ai1(t)|i,pi1⟩ + ai2(t)|i,pi2⟩ + ai3(t)|i,pi3⟩ (2.3)
with time-dependent coefficients an(t) and the momenta
pg = p, pe = p + ℏkeff , pi1 = p + ℏk1, pi2 = p + ℏk2, pi3 = p + ℏ(keff + k1). (2.4)
During a Raman pulse the atom interacts with two counter-propagating electromagnetic fields
with optical frequencies ω1 and ω2 forming a total field
E = E1 cos(k1 · x − ω1t+ ϕ1) + E2 cos(k2 · x − ω2t+ ϕ2). (2.5)
The time evolution of the quantum state, given by the Schrödinger equation, can now be de-




2m + ℏωg|g⟩⟨g| + ℏωe|e⟩⟨e| + ℏωi|i⟩⟨i| − d̂ · E (2.6)
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with the mass of the atom m, the momentum operator p̂ acting on the momentum state and
the electric dipole momentum operator d̂. Here, spontaneous emission of the intermediate state
is neglected since a large detuning ∆ relative to the linewidth of this energy state is assumed.


























aij − ⟨i, pij |d̂ · E
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Each atomic state has a prefactor (in square brackets) which includes contributions from its
external and internal energies and from its coupling strengths to the other states. The coefficients
ak contain fast oscillations at atomic frequencies which can be separated from the slowly varying






























The Schrödinger equation iℏ ∂∂t |Ψ(t)⟩ = Ĥ|Ψ(t)⟩ now gives in terms of the new coefficients



































































































where fast rotating terms at optical frequencies ωi −ωg +ω1 have been neglected (rotating wave
approximation (RWA)). At this point the fixed relative momenta between the internal states





d3p|p⟩⟨p + ℏk1|. (2.11)
The external momentum of the atom absorbing a single photon is changed by the photon recoil
ℏk1 and ℏk2, respectively, leading to the momenta already listed in Eq. (2.4). Terms with no
coupling have already been omitted in Eq. (2.10).
The coupling strength between two states is described by the Rabi frequency Ωjk and the








ωi − ωg − ω1 +













δ ≡ ω1 − ω2 − ωeg +
|p|2 − |p + ℏkeff |2

















Inserting these definitions and the the appropriate closure relations into Eq. (2.10) the following

































Adiabatic elimination - effective two-level system
At this point we assume that the Rabi frequencies Ωjk are much smaller than the absolute value
of the detuning |∆|. As a consequence the coefficients cg(t) and ce(t) change much more slowly
than the explicitly time-dependent terms. Thus, the equation system (2.16) can be simplified
to a two-level equation system by adiabatic elimination of the intermediate states. ċi1(t), ċi2(t)
and ċi3(t) are integrated while keeping the coefficients cg(t) and ce(t) constant. Substituting the
results into the remaining equations gives the description of a two-level system in an effective
16






























For typical experimental parameters where |∆| ≫ |δ|, |δ2|, |δ3| Eqs. (2.17) can be approximated
by













with the following definitions of the effective Rabi frequency, the effective phase between the
















The equation system (2.18) is well-known from nuclear magnetic resonance spectroscopy and
has been solved in [56, 57]. Its solution describes the evolution of the coefficients with time in
the rotating frame.































δAC and ΩAC denote the differential and cumulative AC-Stark shifts
δAC ≡ ΩACe − ΩACg (2.23)
ΩAC ≡ ΩACg + ΩACe (2.24)
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and Ωr is the Rabi frequency in the rotating frame
Ωr ≡

Ω2eff + (δ − δAC)2. (2.25)
In the non-rotating frame Eq. (2.22) becomes































with the effective wavelength ωeff = ω1 − ω2 and




e = ωe +
|p + ℏkeff |2
2mℏ . (2.27)
Raman transitions
Equations (2.22) and (2.26) describe the temporal evolution of the atomic system in the rotating
and in the initial (non-rotating) frame, respectively. Starting with an atom initially in state |g⟩,
a Raman pulse creates a superposition of the two ground states. In the special case of a resonant
Raman pulse (δ = 0) without AC Stark shift and with pulse length τ Eq. (2.22) simplifies to




Thus, the probability of the atom to change its internal state in the rotating frame as well as in
the initial frame is modulated by the product of effective Rabi frequency Ωeff and pulse length
τ .
|ae|2 = |ce|2 =
1
2 (1 − cos Ωeffτ) (2.29)
By adjusting the product to Ωeffτ = π or Ωeffτ = π/2 either the internal state is inverted
(π pulse) or an equiprobable superposition is created (π/2 pulse). Combining Eqs. (2.19) and
(2.12) shows, that the effective Rabi frequency is proportional to the total light intensity for a










|g,p⟩ → |g,p⟩ (−ΩAC + δ − 2ω′g)τ/2 + θ0
|g,p⟩ → |e,p + ℏkeff⟩ (−ΩAC − δ − 2ω′e)τ/2 − π/2 − ωefft0 − ϕeff
|e,p + ℏkeff⟩ → |g,p⟩ (−ΩAC + δ − 2ω′g)τ/2 − π/2 + ωefft0 + ϕeff
|e,p + ℏkeff⟩ → |e,p + ℏkeff⟩ (−ΩAC − δ − 2ω′e)τ/2 − θ0
Table 2.1.: Phase shifts induced by Raman pulses of length τ to different combinations of initial
and final states.
In the absence of light fields it follows that Ωeff = ΩAC = 0 and Ωr = |δ| and Eq. (2.22) reduces
to

















Hence, the coefficients in the rotating frame cg(t) and ce(t) stay constant during a free evolution.
When the atom is subjected to a sequence of Raman pulses the additional phase contributions
in Eq. (2.26) become important for the final population. The phase shifts for the more general
case of a Raman pulse with length τ depend on the initial and final state and are shown in






By combining a π/2, a π and another π/2 Raman pulse spaced by the time T , a Mach-Zehnder
type interferometer is realized, see Fig. 2.2. The photon recoil transferred during the first pulse
causes the hyperfine state |g⟩ to spatially separate from the initial state |e⟩ with time. The
second pulse inverts states and velocities and the third pulse closes the interferometer.
The population of the two states at the output ports of the interferometer can be calculated
by successively applying Eq. (2.26) to the initial state. Therefore, it is convenient to rewrite the










For resonant pulses starting at time t0 and without AC Stark shifts the evolution matrix becomes
M(t0, τ,Ωr, ϕeff) =

e−iω′gτ cos Ωrτ2 −ie
−iω′gτ ei(ωefft0+ϕeff) sin Ωrτ2




















Figure 2.2.: Left: A π/2-π-π/2 sequence of Raman pulses splits the atomic wave function onto
two different paths, reflects and finally recombines them and thereby forms a Mach-Zehnder type
interferometer (left). The two atomic ground states |g⟩ and |e⟩ are indicated as dashed and solid
lines. The right figure shows the paths under the influence of gravity and an initial velocity pointing
upwards.
matrix multiplication
M(2T + 3τ, τ,Ωr, ϕeff,3)M(T + 3τ, T, 0, 0)M(T + τ, 2τ,Ωr, ϕeff,2)M(τ, T, 0, 0)M(0, τ,Ωr, ϕeff,1)
(2.34)
which gives the final populations of the two states. The probability of atoms initially prepared
in the lower state of being transferred to the upper state is given at the end of the sequence at
time 2T + 4τ by
P = |ae(2T + 4τ)|2 = P̄ −
C
2 cos(∆Φ). (2.35)
It depends on the effective laser phases during the Raman pulses
∆Φ = ϕeff,1 − 2ϕeff,2 + ϕeff,3. (2.36)
The mean population P̄ and the contrast C are equal to one half and unity respectively for
perfect π/2 and π Raman pulses. In the more general case, e.g., when not all atoms obtain the
same Rabi frequency due to a inhomogeneous intensity profile, P̄ can slightly differ from one
half and the contrast of the interferometer C is reduced. In addition, a non-perfect π pulse is
again a beam splitter and initiates additional paths for the atoms. These arms, however, do
not cause interference because their spatial separation ∆x = ℏkeffT/m is much larger than the
spatial coherence length of the atomic ensemble lc = ℏ/∆p at the end of the interferometer
sequence [19]. Here, ∆p denotes the momentum spread of the ensemble.
The interferometer phase can also be obtained by calculating the difference between the phases
accumulated along the different paths using the phase shifts listed in Table 2.1.
∆Φ = ϕeff,1 − 2ϕeff,2 + ϕeff,3 − (θ01 − θ03) (2.37)
The result also includes two additional phase contributions θ01 and θ03 which arise from the
difference between the detuning and the differential AC Stark shift (δAC − δ). If θ0 is different
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for the first and third pulse, e.g., due to changing intensities, a remaining phase shift is caused.
A cancellation of the effect will be discussed in Sec. 2.3.
2.2.1. Sensitivity function
The phase contributions ϕeff,i during the light interactions can be determined with the help of the
sensitivity function, which was introduced and experimentally verified for an atom interferometer
in [58]. It allows to calculate the influence on the transition probability δP (δϕ, t) for a phase
jump δϕ of the Raman phase at a time t and is defined by





Since the highest sensitivity in phase is achieved for an atom interferometer operated at ∆Φ =
π/2, it is useful to apply a series expansion to Eq. (2.35) at this point and insert the result into






By analyzing Eq. (2.36) the sensitivity function can be obtained. For an instant phase jump
δϕ at time t the correspondent matrix in Eq. (2.34) is replaced by a matrix product treating the
evolution before and after the phase jump individually
M ′t,δϕ(t0, τ,Ωr, ϕ0) = M(t, τ − (t− t0),Ωr, ϕ0 + δϕ)M(t0, (t− t0),Ωr, ϕ0). (2.40)
A phase jump δϕ > 0 between the second and third interferometer pulse, for example, would
only effect ϕeff,3 and would increase ∆Φ, whereas a phase jump between the first and second




sin(ΩR(T + t)) −T − 2τ < t < −T − τ
−1 −T − τ < t < −τ
sin(ΩR(t)) −τ < t < τ
1 τ < t < T + τ
− sin(ΩR(T − t)) T + τ < t < T + 2τ
0 else.
(2.41)
It is visualized in Fig. 2.3. The time origin is chosen to be at the center of the second pulse
to emphasize g(t) being an odd function. The interferometer phase can now be calculated by








In the rest frame of a free-falling atom the laser phase changes over time. In order to fulfill












Figure 2.3.: Sensitivity function g(t) for different instants t of the interferometer sequence.
one of the lasers canceling the Doppler shift. The effective laser phase for an atom with initial
position z0 and velocity v0 becomes




2 + ϕ0 (2.43)
where g denotes the gravity acceleration. Combining Eqs. (2.42) with (2.43) gives






which is comparable to [59]. The result is independent of the initial position and velocity because
of the symmetry of the interferometer sequence and its odd sensitivity function.
Finally, by inserting Eq. (2.44) into Eq. (2.35) the probability of atoms initially prepared in
one state to be transferred to the other state can be written as
P = P̄ − C2 cos









with the mean population P̄ and the interferometer contrast C. The additional contribution
∆ϕL is inserted here to consider for a phase jump in between the second and third pulse which
will be applied to the laser in the experiment.
2.2.2. Phase noise due to laser phase noise
The sensitivity function just presented can also be used to analyze the impact from phase
noise introduced into the system. The two most important noise sources are remaining phase
noise from the Raman phase lock including noise from its frequency reference and phase noise
introduced into the Raman laser light by vibrations of the retro-reflecting mirror.
The transfer function of the system H(ω) gives the interferometer phase response to a sinu-
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Figure 2.4.: Weighting function |H(ω)|2 calculated for T=250 ms and τ=20 µs (solid line), typical
parameters of the GAIN experiment. The function is averaged for frequencies above 25 Hz. A shorter
pulse separation changes the sensitivity at low frequencies but leaves the average unchanged at high
frequencies (dotted line: T=125 ms). In contrast, the pulse length mainly determines the cutoff
frequency of the low-pass behavior (dashed line: τ=100 µs).



















Figure 2.5.: Normalized weighting function for an acceleration sensor |H(ω)/(keffT 2)|2 calculated
for T=250 ms and τ=20 µs (solid line). The sensitivity at low frequencies is unaffected by changed
pulse separation times but at all other frequencies the average increases for shorter times (dotted
line: T=125 ms). The influence of the pulse length remains. It determines the cutoff frequency of the
low-pass behavior (dashed line: τ=100 µs). The functions are averaged for frequencies above 25 Hz.
23
2. Theoretical background
soidal oscillation of the form ϕ(t) = A0 cos(ω0t + ψ) of the Raman phase and is related to the
Fourier transform of the sensitivity function [58]





























and can be approximated at frequencies much lower than the Rabi frequency (ω ≪ Ωr) by






Figure 2.4 shows the weighting function |H(ω)|2 evaluated for different pulse separation times
T and pulse lengths τ . The fast oscillations are averaged above 25 Hz. The function shows
characteristics of a band pass filter combined with an oscillating part causing a series of zeros.
The cutoff frequency of the low-pass behavior at high frequencies is determined by the Rabi
frequency and in consequence by the inverse pulse length (fc ∝ Ωr ∝ 1/τ). Longer Raman
pulses narrow down the influence of phase noise at high frequencies. The sensitivity at low
frequencies and the positions of the zeros are influenced by the pulse separation times. The
former increases with growing pulse separation.
Inserting the perturbation ϕ(t) into the weighting function (Eq. (2.42)) and assuming a random
distribution of the modulation phase ψ of different measurements gives the rms value of the
interferometer phase
δΦrms = |A0H(ω0)| (2.50)





Sϕ(ω) denotes the power spectral density (PSD) of the Raman phase noise.
The influence of phase noise on the measured acceleration g shows a slightly different behavior.
According to Eq. (2.44) the phase and consequently the transfer function have to be divided
by approximately keffT 2 to obtain the acceleration. As a result a longer pulse separation time
does not increase the influence of phase noise at very low frequencies but lowers its weight on
average at all other frequencies including high frequencies, see Fig. 2.5. Zeros are again shifted.
The influence of a changed pulse length stays the same.
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Figure 2.6.: Relative weighting function for mirror vibrations |Ha(ω)|2/|Ha(0)|2 calculated for
T=250 ms (solid line), 125 ms (dotted line) and 25 ms (dashed line) with τ=20 µs. The function is
averaged at higher frequencies.
2.2.3. Phase noise due to mirror vibrations
In order to minimize phase noise between the two Raman beams they are often guided as long
as possible together to the atoms. This can be achieved with both beams entering the vacuum
chamber from, e.g., the top of the chamber. A mirror at the lower end retro-reflects both beams
and a combination of one beam pointing downwards and the other pointing upwards drives the
Raman transition. The favored beam pair can be selected by tuning the frequency difference to
resonance considering the present Doppler shift. Consequently, another contribution to phase
noise is introduced by the retro-reflecting mirror since it is only included in the beam path of
one of the Raman beams. Vibrations of the mirror cause path length changes δz and effect the
effective Raman phase by δϕ ≈ keffδz. The rms standard deviation for uncorrelated phase noise











The square of this function normalized to the limit of a constant acceleration is shown in Fig. 2.6
for three different pulse separation times. Vibrational noise of the mirror at frequencies above
several Hertz is more and more suppressed relative to slow changes of the acceleration for




The formalism for the calculation of the interferometer phase shift used up to here presumes
the conservation of momentum states in between the light pulses. This holds in the absence of
accelerations and also in the free falling rest frame of the atoms under constant gravity. In the
presence of gravity gradients, however, conservation is not guaranteed any more and an exact
solution as it is presented in [61] strongly increases complexity. In an alternative approach the
two cases are calculated separately using the path integral description and the single results are
summed up in the end [59, 62].
The total interferometer phase then becomes the sum of three different contributions arising
from the light interactions ∆Φlight which we already considered, from the propagation on the
two paths ∆Φpath and from different initial positions of the interfering wave packets ∆Φsplit
∆Φ = ∆Φlight + ∆Φpath + ∆Φsplit. (2.54)
The last term is very small under the experimental conditions used here and can therefore be
neglected [59].
The phase contribution of the free evolution can be calculated from the different classical








where the Lagrangian for a gravitational field with a linear gradient γ is





m is the mass of the falling object. The solution of the Euler-Lagrange equation gives the
























The first three terms of Eq. (2.57) have already been considered in Eq. (2.43) when analyzing
the influence of a constant gravitational field. The fourth summand which includes γ can now
be used for a correction of the measured gravity value g in Eq. (2.45). For a final Raman pulse
at height z0 and the gravity value on the floor g0 this gives
g ≈ ∆Φpath
keffT 2
≈ g0 + γ
 7
12g0T
2 − v0T − z0

(2.58)
where v0 = v0 + 12vrec is the average velocity of the two paths just before the last pulse. Second
and higher order terms of the gradient are well below the targeted accuracy of 5 × 10−10 g and
can be omitted. A detailed analysis of their contribution can be found in [63].
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Figure 2.7.: Hyperfine structure of the D2 transition in 87Rb and Raman laser frequencies. Energy
differences are not in scale. Values adopted from [64].
In the previous parts the interaction between the Raman pulses and a three-level atom has
been used to calculate the phase of the atom interferometer sequence and its relation to the
gravity acceleration. The GAIN experiment operates with 87Rb atoms and uses Raman laser
frequencies which are red detuned relative to the D2 transition, see Fig. 2.7. They drive the
transition between the two hyperfine states |52S1/2, F = 1⟩ and |52S1/2, F = 2⟩. The |52P3/2⟩
state splits into for hyperfine states due to the hyperfine splitting. Whereas all four contribute to
the AC Stark light shifts, only the states |52P3/2, F ′ = 1⟩ and |52P3/2, F ′ = 2⟩ are involved in the
Raman transitions because of the selection rules. Including the additional levels into the atom
light interaction causes only a few changes. The four intermediate levels are removed during the
adiabatic elimination in the same way a single intermediate level has been removed previously
resulting again in an effective two-level transition. Only the definitions of the effective Rabi
















































Figure 2.8.: Required intensity ratio between the two Raman laser beams for the cancellation of
the differential AC Stark shift depending on the Raman detuning ∆.
where ∆m and Ωm,jk denote the detunings and Rabi frequencies for the single energy levels
|F ′ = 0⟩ to |F ′ = 3⟩ with
Ωm,jk ≡ −




The total light shift ΩAC is the same for both paths during each of the pulses, compare Table 2.1,
assuming a constant light intensity over the splitting of the paths. Its effect therefore cancels
in the interferometer phase in Eq. (2.37). In contrast, the differential phase shift δAC is still
included via the terms θ01 and θ03. Atoms with remaining horizontal velocities move within the
Gaussian intensity profile causing different light intensities at the position of the atoms for the
first and last pulse. As a consequence the two terms in general do not cancel completely. In
order to avoid systematic offsets, it is important to cancel the differential AC Stark shift.
The AC Stark shifts for the two hyperfine levels can be calculated with Eq. (2.60) by inserting
the corresponding Clebsch-Gordan coefficients from [64] for an orthogonal linear polarization of
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2.3. Interferometry with Rubidium 87












The differential AC Stark shift δAC = ΩACe − ΩACg can then be canceled by choosing the right




































The required intensity ratio is shown in Fig. 2.8 as a function of the detuning to the red (∆ < 0)
relative to the |52P3/2, F ′ = 1⟩ energy level.






where α and β denote the numerator and denominator on the right side of Eq. (2.64). Using













which is proportional to to effective Rabi frequency. For almost correct intensity ratios q0 + δq










Figure 3.1.: Photograph of the GAIN experiment with its physics package comprising the vacuum
chamber (right) and its two racks which include the laser system (middle) and electronics and
computers (left).
In this chapter, the experimental setup of the experiment is briefly reviewed. Then, the mod-
ifications of the laser system are first described on the basis of the system overview in Sec. 3.2.2
and afterwards in detail. The limitations of the original laser switching system are analyzed.
They are used to formulate design criteria with respect to the required high stability and re-
liability during long-term measurements and to a favored fast and easy recommissioning after
transportation. On their basis, a completely new laser sub-system for combining, switching and
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distribution of laser light has been developed during this work, see Sec. 3.2.4. It ensures con-
stant beam powers and thus a stable MOT position which otherwise could introduce unsteady
trajectories of the atomic cloud. They would introduce (changing) offsets in combination with
the gravity gradient and the influence of rotations. In addition, a new feature has been imple-
mented to the Raman sub-system with the same intention. There, an intensity stabilization for
two overlapped laser beams has been realized (Sec. 3.2.5) to compensate for long-term drifts of
the laser setup and thereby avoid especially (changing) AC Stark shifts during gravity measure-
ments1. Furthermore, the implementation of the data storage based on a MySQL database is
presented in Sec. 3.3. It allows to store the measured data together with an extensive parameter
set and guarantees easy access and searching during the analysis afterwards.
Figure 3.1 shows a photograph of the experimental setup of the mobile GAIN experiment. It
was taken during the measurement campaign with the superconducting gravimeter in Wettzell
(Southern Germany) in November 2013. The system can be divided into two main parts, the
physics package with the vacuum chamber in the foreground on the right hand side and the two
19” racks on the left hand side. They contain the laser system, which is situated in the black
boxes on drawers in the right rack, and appropriate electronics to provide all required laser
frequencies at the necessary powers for MOT and atom interferometer operation. A control
computer with a field programmable gate array (FPGA) ensures the right timing. Both parts
were initially designed and set up during the former theses of Alexander Senger [65] and Malte
Schmidt [66]. Descriptions can also be found in [67, 68].
3.1. Physics package
3.1.1. Vacuum chamber
All interactions with the rubidium atoms, including initial preparation, the interferometer
scheme, and final read-out, take place inside the vacuum chamber which is part of the physics
package. The chamber is mainly made of titanium alloy which allows for UHV and has favor-
able properties such as a low density and a low magnetic permeability which is close to unity.
Thus, stray magnetic fields occurring, e.g., after switching of the MOT coils, are kept low. A
20 l/s ion pump and a titanium sublimation pump, the latter is activated approximately every
three months, maintain a pressure of 2 × 10−10 mbar. During operation of the interferometer, a
dispenser from SAES getters releases rubidium into the MOT zone and the pressure is increased
to the 1 × 10−9 mbar range.
The chamber design allows for an atomic fountain with a MOT and a vertical launch of
the atoms in its lower part. Hence, the time of free fall is doubled to approximately 0.75 s of
which 0.7 s can be used for the interferometer sequence. The vacuum chamber is built into a
transportable cage setup, see Fig. 3.1, with overall dimensions of 193 × 82 × 127 cm3 and has a
total mass of 160 kg. A section view of the vacuum chamber is shown in Fig. 3.2.
The chamber can be divided into three different parts of which each is dedicated to different
phases of the experimental sequence:




























Figure 3.2.: Section view of the vacuum chamber with different zones dedicated for MOT/launch,
state selection/detection and interferometry. Raman beams enter from the top and are retro-reflected
by a mirror on an active vibration isolator. CAD model by [65].
The MOT chamber is situated on the lower end of the vacuum chamber. It has various windows
for optical access, especially for three counter-propagating MOT beam pairs which are
arranged orthogonal to each other. Each pair draws an angle of 45° with the vertical
(1-1-1 configuration). Two coils in anti-Helmholtz configuration are integrated into the
chamber creating a magnetic field gradient of 0.8 mT/cm with zero field strength in the
center of the chamber. Their axis coincides with the axis of one of the laser beam pairs.
Additional coils in Helmholtz configuration, placed around the MOT chamber (not shown
here), are used to compensate for background magnetic fields in all three dimensions. A
rubidium dispenser, which is attached to the chamber, points with its opening towards the
center of the MOT region.
The detection chamber situated above the MOT chamber offers access for detection light, a
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photo multiplier tube, and a microwave antenna. The two vacuum pumps are mounted
outside of the visible plane on opposite sides of the detection chamber.
The interferometer zone is shielded by three layers of a nickel-iron alloy with high magnetic
permeability (Mu-metal) to suppress environmental magnetic fields. Inside the inner
shielding a precision-wound coil creates a well-defined and homogeneous magnetic field
pointing in vertical direction which defines a quantization axis for the atoms. Windows
located at the top of the interferometer zone and and at the bottom of the MOT chamber
grant optical access for the Raman laser beams.
3.1.2. Active vibration isolator
Vibrations of the retro-reflecting mirror introduce phase noise into the interferometer (see
Sec. 2.2.3). Therefore, it is necessary to isolate this component as good as possible from envi-
ronmental vibrations mainly introduced via the floor of the location. Vibrations include seismic
vibrations of the environment as well as man-made vibrations from inside and outside of the
building, e.g., caused by machines, people, and traffic. According to the equivalence principle
vibrations and accelerations of the mirror can fundamentally not be locally distinguished from
accelerations of the atoms. It is only possible to distinguish between changes of the acceleration
which occur at high and at low frequencies within a continuous measurement. In the context
of gravity, signals at low frequencies with time scales of minutes, hours and longer are of main
interest and filtering can remove the higher frequency components. In a pulsed measurement,
however, there is a risk of aliasing. A second aspect is the limited region for a linear phase
response of the interferometer. It gets smaller for longer time spacings between interferometer
pulses which are used to increase its sensitivity. As a consequence, too strong changes of the
measured acceleration between two consecutive measurements will degrade the interferometer
outcome.
In order to avoid the risks described above and to be able to increase the sensitivity of the
interferometer, an active vibration isolation stage is part of the physics package, see Fig. 3.2.
It supports the mirror which retro-reflects the two Raman beams and decouples it from ground
vibrations. The isolation system was developed and implemented by Christian Freier during
his diploma thesis [69] following the ideas made in [70]. It is based on a commercial vibration
isolator table 50BM-10 by MinusK which employs a mechanical spring system to isolate its
load from vertical ground motions and an inverse pendulum mechanism to decouple it from
horizontal vibrations [71]. The passive isolator can be tuned to achieve horizontal and vertical
resonance frequencies as low as 0.5 Hz after customization by the manufacturer. A single axis
seismometer (CMG-3VL by Guralp) mounted on top of the originally passive isolator detects
residual vibrations. Its output signal is processed by a real-time compactRIO computer system
by National Instruments controlling two voice-coils inside the vibration table. They exert an
additional force on the platform [69, 72]. As a result the effective resonance frequency are lowered
significantly to approximately 0.05 Hz and a suppression of one to two orders of magnitude for
frequencies between approximately 0.1 Hz to 50 Hz is achieved in our laboratory, see Fig. 3.3.
Thus, the isolator allows to use the maximal Raman pulse separation allowed by the height





























Figure 3.3.: amplitude spectral density (ASD) of the vibrations measured in our laboratory on the
floor (orange) and on top of the active vibration isolation system (black). The peak at 0.67 Hz is at
the repetition rate of the atom interferometer due to the influence of the MOT coils. The signal of
the CMG40 decreases below 0.035 Hz because of its limited bandwidth.
the interferometer. The damping and the low resonance frequency, which is clearly below the
Nyquist frequency of 0.35 Hz of the atom interferometer, restrict aliasing effects.
The retro-reflecting mirror is attached to a piezo driven tip/tilt stage (S-330 closed-loop by
PI) which is mounted on top of the seismometer. The tip/tilt stage allows for precise control of
the tilt of the mirror for correct alignment before and during the interferometer sequence.
Influence on gravity measurements
There are two different influences of the vibration isolation stage on the gravity measurements.
The vibrational background, though reduced, is still present and introduces noise limiting the
sensitivity of the interferometer. For the calculation, the PSD Sa(ω) of the mirror vibrations is
weighted with the transfer function of the interferometer (see Eqs. (2.48), (2.53), and (2.52) in
Chap. 2). This results in a limit for the sensitivity of the interferometer of 115 nm/s2 per shot
for the measurement in our laboratory. At other locations similar limitations occurred, e.g.,
143 nm/s2 per shot during our measurement campaign in Wettzell.
A second aspect is the influence on the phase of the transferred signals which could introduce
time delays. It can be determined from the transfer function of the vibration isolator which has
been analyzed in [70]. There, the vibration isolation system is described as a spring mass system
with the following equation of motion:
z̈ + 2ω0ζ0(ż − żg) + ω20(z − zg) = 0. (3.1)
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Figure 3.4.: Time delay induced by the active vibration isolator for ω0 = 0.05 Hz and ζ0 = 0.6




m denotes the natural resonance frequency and ζ0 =
β
2mω0 is the damping ratio
with spring stiffness k and spring damping β. z and zg are the mass and ground positions. The
resulting transfer function then is
G = z̃
z̃g
= 2(iω)ζ0ω0 + ω
2
0
−ω2 + 2(iω)ζ0ω0 + ω20
(3.2)
where z̃ and z̃g are the Fourier transforms of mass and ground motion. For the active system
Eq. (3.1) is extended by additional driving forces Factive and thereby the effective resonance
frequency ω0 is lowered while the effective damping ratio ζ0 is maintained or even increased in
Eq. (3.2). A time delay τ(ω) for transferred signals can be calculated from the phase ϕ of the
transfer function
τ(ω) = − dϕdω . (3.3)
The delay for our effective resonance frequency and different, possible damping ratios is shown
in Fig. 3.4. There is a significant delay for signals around the resonance frequency. Signals
present in our measurements (see Chap. 6) have frequencies above 0.1 Hz (microseism) and
below ≈ 3 × 10−4 Hz (tidal signals) and are therefore essentially not delayed.
3.2. Laser system
The laser system for the GAIN experiment has to meet special requirements. In contrast to typ-
ical experimental laser setups, which cover large optical tables and benefit from their mechanical
stability and from the precise temperature control typically available in optical laboratories, a
mobile implementation has to fulfill additional and also much stronger requirements. Limitations


































































































Figure 3.5.: 87Rb D2 level scheme and laser frequencies required in the experiment. Values adopted
from [64].
maintained while environmental influences increase at the same time. Especially the objective
to perform precision measurements lasting for a few weeks which require constant conditions,
e.g., regarding stability in optical frequency and optical power of several laser sources, have to
be met.
The original implementation of the laser system including all laser sources and their stabiliza-
tion were designed and described in detail during a former work by Malte Schmidt [66, 67]. For
this reason only a brief introduction is given here on the original system and the main focus of
this part concentrates on the strongly improved switching and distribution modules and on the
newly implemented intensity stabilization for the Raman lasers.
3.2.1. Laser frequencies and sources
The laser system has to provide several specific frequencies at different powers during each single
phase of the experimental cycle. All of them are generated by five semi-conductor laser diodes,
either by extended cavity diode lasers (ECDLs) or distributed feedback lasers (DFBs). Three of
them are afterwards amplified by tapered amplifiers (TAs) in order to provide sufficient optical
powers.
Figure 3.5 illustrates the required frequencies and also shows the atomic level scheme related
to the 87Rb D2 transition. Each color represents one laser source. During the MOT phase






















Fiber outputs:Laser generation + ampli cation Switching, combining + distribution
Figure 3.6.: Overview of the laser system and its optical connections: five laser sources on the left
(gray) generate the required laser frequencies. A new developed distribution system (green solid
boxes) allows for combining, fast switching and individual frequency detuning for upper and lower
MOT beams while maintaining optical output powers over months even in the case of temperature
variations. The dashed lines indicate the division of the former system.
red relative to the 87Rb |F = 2⟩ → |F ′ = 3⟩ transition. In addition, the upper and lower MOT
beams have to be detuned relative to each other for the launch of the atomic cloud. Detection
and blow-away light can be obtained by further detuning of the two laser sources. Two more laser
sources generate the Raman light. For the latter ECDL lasers are used because of their reduced
linewidth below 100 kHz allowing for low noise phase locks. Another ECDL serves as a dedicated
reference laser and is stabilized via Doppler free modulation transfer spectroscopy (MTS) near
the 85Rb |F = 3⟩ → |F ′ = 4⟩ transition. The frequencies of the other lasers are stabilized with
adjustable offsets relative to this reference. Fast photodiodes detect the beat notes between the
lasers whose phases are compared to the phases of radio frequencies (RFs) by electronic phase
frequency detectors (PFDs) controlling among others the laser currents. Thus, each of these four
laser diodes can be used for different purposes, e.g., for cooling, detection, and controlled removal
of certain atoms (blow-away) when guided to the appropriate polarization maintaining (PM)
optical fiber. Fast switching and the detuning between upper and lower MOT beams is achieved
via acousto-optic modulators (AOMs).
3.2.2. Modular setup
The laser system is divided into different laser modules which are connected by PM optical
fibers. The smaller units offer a higher mechanical stability and simplify the optical alignment
in comparison to one larger module. An overview of the modular setup and the optical interface
is shown in Fig. 3.6. The dashed boxes indicate the partition which was used in the original
setup before the number of modules has been increased. Four (formerly three) modules house the
laser sources, optics and electronics for frequency stabilization, and the TAs for amplification. A
38
3.2. Laser system
new TA with an optical output power of 2 W2 replaces two TAs with 1 W output power for the
amplification of the cooling light which were included in the appropriate laser module before.
The additional module ensures a more constant power output and particularly a more constant
power ratio between its fiber outputs for MOT A and B. Its implementation and characterization
was realized in a bachelor thesis and is described in [73]. Light of the Raman master and slave
lasers is overlapped after amplification and guided by a single fiber to the experiment.
The switching, combining and distribution subsystem (in green) was originally implemented
inside one complex module. Its tasks include fast switching and complete beam blocking via
AOMs and mechanical shutters, overlapping of cooling and repumper light, and the distribution
on a number of optical fibers. They finally guide the laser light to the vacuum chamber. In
addition, the AOMs allow to detune the cooling light of the MOT A and B outputs to slightly
different frequencies for the launch of the atoms. It has been replaced by four smaller and
improved modules during this work in order to meet the requirements for mobile and long-term
measurements. Starting with a study of the former module and its limitations, the development
of the new modules is described in the following.
3.2.3. Original switching module
Figure 3.7 shows a CAD drawing of the original implementation of the switching and distribution
module. It makes use of AOMs in double pass configuration, where the diffracted order is back-
reflected to pass the AOM for a second time. The two times diffracted beam has a perpendicular
polarization relative to the initial beam after passing a λ/4 waveplate twice. This way it can
be separated with the help of a polarizing beam splitter (PBS) situated in front of each AOM.
Additional λ/2 and PBS optics allow for overlapping of the different laser frequencies and for
distribution onto the various output fibers afterwards. Each of the two cooling beam paths (red
lines) have a lens included into the double pass, which in combination with the back-reflecting
mirror forms a cats-eye configuration. For slightly changing AOM frequencies it ensures almost
unvarying beam paths after the second transition and thereby constant fiber coupling efficiencies.
When used in detection mode the AOMs are further tuned such that the beams hit small pick
up mirrors and take different paths towards the fiber couplers for detection and blow-away light.
For a detailed description see [66].
The realization of the double pass configuration and the pick up technique require a num-
ber of additional optics and result in long beam paths and a relative large module3 with outer
dimensions of 43 × 43 × 10 cm3. It was found that the module had to be readjusted after trans-
portation to a different location in order to recover sufficient optical powers at the output ports.
The time needed for this was several days due to the complex setup and the high number of
adjustable mirrors. This was too long for a mobile system. Hysteresis effects and a quite inconve-
nient handling of the adjustable mirrors complicated the procedure. The former also influenced
the long-term stability during several days after the re-alignment process.
2EYP-TPA-0780-02000-4006-CMT04-0000 from Eagleyard photonics
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Figure 3.7.: Old laser module for MOT switching and distribution, from [66]. Beam paths of the
cooling light (red) and repumper light (blue) are shown for the MOT operational mode. Optics which
are not part of the shown paths are required for the second operational mode during detection.
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3.2.4. New switching modules
A completely new switching and distribution sub-system has been developed during this work
to meet the stability requirements outside of optical laboratories, reduce the time needed for
re-alignment after long transportation, and allow for drift free long-term gravity measurements.
The sub-system includes distinct modules for the upper and lower beam triplets of the MOT light
(A and B), which allow for independent frequency detuning of each triplet and fast switching
via AOMs. Additionally, cooling and repumping light is combined (only MOT B) and the light
is distributed onto several output fibers guiding it to the vacuum chamber. The external optical
interface of the sub-system has undergone only minor modifications and still covers all important
outputs.
In order to fulfill all the requirements the new MOT switching system was designed with
respect to the following design criteria:
Decrease in beam path lengths: Shorter path lengths reduce the impact of small changes of
the pointing on the fiber coupling efficiency.
Lowering the number of adjustable mirrors: Temperature variations might cause creeping of
the mirror mounts. In the new design only fixed mirror mounts are used.
Sub-division: Different functions are distributed among a few smaller sub-modules. Thus, the
complexity of each module is further reduced.
Improvement of mechanical stability: Each module (baseplate including walls) is milled out of
a single piece of aluminum to reduce mechanical stress.
MOT A module
CAD drawings of both switching modules are shown in Fig. 3.8. The MOT A module on the
left involves one adjustable fiber coupler (cooling in), an AOM for fast switching and frequency
detuning of the laser light and a shutter to completely block the light. At the output a fixed
fiber collimator is used, which ensures that the position and angle of the output fiber relative to
the AOM cannot drift. Thereby the degrees of freedom could again be reduced. The alignment
of the elements has been realized with laser light pointing in reverse direction. An additional
mirror in front of the shutter blocks the zeroth diffraction order of the AOM away. The PBS
and the non-adjustable mirror allow to lead part of the light to a second, optional output. They
are not included in the standard configuration.
The lenses included in the fiber coupler and the collimator4 have a focal length of only 2 mm,
which is the shortest focal length for this wavelength available from the manufacturer. As
a result the beam diameter is only ≈ 0.5 mm for a fiber with a numerical aperture (NA) of
0.13 and the different diffraction orders of the AOM can be separated already in a distance of
5 cm. A second advantage is the more favorable dependence of the coupling efficiency regarding
slightly inclined beams. The beam pointing changes with different Bragg angles at different
AOM detunings. During the interferometer sequence the AOM frequency has to be changed
4Fiber coupler 60SMS-1-4-A2-02 and collimator 60FC-4-A2-02 from Schäfter+Kirchhoff
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(a) MOT A switching module: the
cooling laser beam is diffracted by
an AOM and its +1st order is cou-
pled into an optical output fiber.
The zeroth order is removed with
the help of a precisely placed mir-
ror.
(b) MOT B switching module: the cooling-MOT path is similar to
(a). In addition, the +1st order of the cooling beam is superimposed
with the -1st order of a second beam (repumper) at the nearest PBS.
Thus, both diffracted orders couple to the output fiber (MOT) while
both 0th orders (yellow beams) hit the same mirror and can be guided
to another fiber output (auxiliary port). At another PBS a small
part of the light is extracted for the blow-away and detection beam
outputs.
Figure 3.8.: CAD models of the new developed switching modules on a scale of ≈ 1 : 2.
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Figure 3.9.: Relative optical power in fiber depending on the AOM detuning for coupler lenses with
a focal length of 4.5 mm (gray) and 2 mm (black). The measured values and the fitted curves are
normalized with their maximum value at zero detuning.
by 3 MHz for launching the atom cloud. Using a focal length of 2 mm the additional losses for
operation at ±1.5 MHz off from the center with maximal efficiency are reduced to 5 %. A lens
with a focal length of 4.5 mm, which was used before, in comparison causes losses of 22 %. The
reduction of the losses is due to the smaller distance between the lens and the fiber which results
for a given tilt in a smaller lateral displacement between the mode fields of the fiber and the
laser light. A measurement of the dependence on the AOM detuning is shown in Fig. 3.9 for
both beam diameters .
The main disadvantage of a shorter focal length and thus a smaller beam diameter is the
reduced maximal working range between two fiber couplers which is about 26 cm for the chosen
configuration [74]. Longer distances would result in reduced fiber coupling efficiencies.
MOT B module
The MOT B module, shown in Fig. 3.8(b), has a similar configuration for the “cooling-MOT”
beam path as the previous module but also includes several extensions. First, the cooling light is
superimposed on a PBS with a second beam containing light from the repumping laser. Behind
a second PBS the initially perpendicular polarizations become parallel at the cost of some power
loss which is guided to the second output port. The latter is used for the blow-away and detection
beams. The half-wave plates in front of each PBS determine their splitting ratios and guide 90 %
of the cooling light and thus 10 % of the repumping light to the MOT fiber output.
The two AOMs are placed at equal distances from the nearest PBS and apply opposed diffrac-
tion orders, such that both their diffracted and non-diffracted orders are superimposed. In this
way the latter (yellow beam in Fig. 3.8(b)) can both be separated by a small mirror and redi-
rected to an auxiliary fiber port. It has no distinct function at the moment but might be used
for future extensions such as a 2D-MOT or as a Raman laser source when supplied with ap-
propriate laser light. The non-diffracted beams pointing towards the blow-away and detection
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Figure 3.10.: The MOT distribution module (equal for MOT A and B). The incoming cooling (with
superimposed repumper) light is distributed onto three fiber output couplers. Waveplates and PBSs
allow to adjust the beam balances.
outputs are not shown since they carry far less power and do not couple into any fiber due
to their displacement. The port at the top right can be used to extract only one of the two
frequencies like the repumping light, which is selected by polarization. Each of the output ports
is equipped with a mechanical shutter right in front, which allows to use different ports during
different experimental phases.
In order to be able to monitor optical powers inside the module during the regular interfer-
ometer operation all mirror mounts house additional photodiodes. These are placed in the line
of sight directly behind the mirrors such that a small fraction of the light still transmitted can
be detected5.
After having passed the switching modules the respective MOT light is guided via a PM
fiber to one of two identical distribution modules. A drawing is shown in Fig. 3.10. Inside,
combinations of wave plates and PBSs allow to adjust the beam balance of the output fiber
triplet supplying the magneto-optical trap. For the input a fixed fiber collimator is applied
in order to reduce redundant degrees of freedom and improve long-term stability. The mirror
includes a photodiode for power monitoring.
Physical dimensions and efficiency
The physical dimensions of the modules could drastically be reduced compared to the former
module. The total free optical path lengths up to the first output port of the MOT beam triplet,
summed up for the switching and distribution modules, are only 18 cm and 24 cm long for the
cooling and repumper light respectively. This is a reduction by a factor of ≈ 10 compared to the
former module with path lengths of 173 cm and 274 cm. The shorter path lengths plus a lower
5Even though mirrors with a high reflective coating are applied, they still transmit a small part of the light.
The fractional amount is dependent on the incident polarization. Thus, this method is only applicable to light




Switching module MOT B
Fiber input - 100%
Typical AOM losses 15% 85%
AOM detuning 5% 81%
PBS losses (2 PBS) 8% 74%
Overlap with repumper/ splitting
for detection and blowaway light 10% 67%
Typical fiber coupling losses 15% 57%
Distribution module
PBS losses (2 PBS) 8% 52%
Typical fiber coupling losses 15% 44%
Table 3.1.: Optical losses and remaining powers inside the switching and distribution modules for
MOT B.
beam height of only 8 mm (instead of 20 mm before) inside the switching modules reduce the
volume of the largest laser module to only 12.5 × 19 × 4 cm3 ≈ 1 l. All four modules together
have a volume of 2.2 l, which is only 12 % in comparison to the volume of the former module.
The switching and distribution modules for MOT B allow to guide about 44 % of the incoming
laser light for cooling to the vacuum chamber. The particular losses are listed in Tab. 3.1. An
additional 6 % of the incoming light can be distributed between the blow-away and the detection
beams. For MOT A the losses due to overlap/splitting cancel. The absolute optical powers are
about 50 mW at each of the six MOT fibers while the TA is operated at approximately 80 % of
its nominal output power.
Figure 3.11 shows the normalized intensities observed behind the three output fibers belonging
to the MOT A distribution module over the course of ten days. They have been measured with
photodiodes which are integrated in the MOT telescopes at the vacuum chamber. The variations
include all effects from the TA, the switching/distribution modules, and the optical fibers and
typically stay below 5 %. The oscillations on time scales of a few hours are only visible on fiber
7 and therefore cannot be caused by the TA or the modules. They are most likely due to a
slightly changing polarization on the fiber which result in intensity variations at the polarizer
in front of the photodiode. The intensities on fiber 8 and 9 show less variations. After one year
without any re-alignment of the switching and distribution modules, which included a transport
from South Germany back to Berlin within this period, their efficiencies still are nearly 40 %.
3.2.5. Raman intensity stabilization
The original Raman module (see [66]) has been extended by an active intensity stabilization. A
schematic overview of the optical set-up with its electronics is shown in Fig. 3.12. The Raman
laser light is generated in a master oscillator power amplifier (MOPA) configuration where two
ECDLs generate the Raman Master and Slave laser light and two subsequent TAs amplify the
light to achieve sufficient optical power. Optical isolators (not shown here) behind each laser
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Figure 3.11.: Intensity deviations of the three MOT A fibers recorded behind a polarizer at the
vacuum chamber. Data has been filtered using a moving average over ≈ 30 min. All variations stay
below ±5 %. Fiber 7 (in blue) shows oscillations on time scales of a few hours which are not visible
on fibers 8 (red) and 9 (green).
source and amplifier avoid that reflections from further components get back to the devices. The
beams are superimposed and projected onto a common polarization by two consecutive PBSs.
Then, the light is coupled into a short PM optical fiber which ensures identical pointing and
therefore identical optical losses for both beams afterwards. Behind the fiber an AOM allows
for fast switching and thus for precise and short Raman pulses before the light is coupled into
the output fiber. Fast photodiodes detect the beat notes between the Raman Master and the
reference laser beam and also between the two Raman beams for the electronic phase locks.
Further photodiodes monitor the optical power of the laser beams (PD1) and laser light that
gets back through the output fiber with rotated polarization (PD2). The latter is used for tilt
monitoring and control (see Sec. 5.2).
The optical power of the Raman laser beams influences two different aspects of the Raman
transitions. On the one hand, for fixed relative intensities, the total intensity of the master
and the slave beam determines the Rabi frequency and hence the duration of a π/2 and a π
pulse respectively. On the other hand, their relative intensities can in addition cause a phase
shift in the interferometer due to AC-Stark shifts of the atomic level structure (see Sec. 5.6). In
order to keep the Rabi frequency and light shifts constant, the intensity stabilization controller
re-adjusts both TA input currents approximately every 20 min in between two consecutive series
of measurement. Therefore, the controller includes two proportional-integral (PI) circuits which
are directed by a micro controller. The circuit diagram can be found in the Appendix B.
During the regulation of the intensities the Raman Slave phase lock is switched to a “hold
mode” that keeps the latest parameters (laser current and piezo voltage) for the ECDL constant.
Then, the Raman Master beam is blocked by a shutter and the Slave intensity detected by “PD1”
is regulated to its reference value. Afterwards, the Raman Slave beam is blocked instead and
the Master intensity, detected by the same photodiode, is regulated. Finally, the beams are
unblocked, the phase stabilization is automatically re-activated, and the TA currents are kept
constant. The complete sequence lasts less than 0.1 s.
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Figure 3.12.: Simplified scheme of the Raman optics and electronics with active optical intensity
stabilization. Optical isolators and additional mirrors are not shown for clarity.
A second operational mode allows to block the Raman Slave laser for a longer period while
again the parameters for the phase lock are kept constant and the phase stabilization is re-
activated afterwards. This mode is used for sequences which include pulses with both beams
and pulses with a single beam, e.g., for doing spectroscopy after the velocity selection (see
Sec. 5.3.2).
3.3. Timing system and data storage
The successive phases of the experiment need very different configurations with diverse optical
access ports and changing optical frequencies. For the Raman pulses, a very precise timing
is required. These demands are met with a PXI computer system from National Instruments
which includes a field programmable gate array (FPGA). The program on this system was
realized with the visual programming language Labview. All events and their exact timing can
be inserted in advance into a user interface. The program then creates the corresponding code
for the FPGA. During the sequence the latter controls the experiment via digital and analog
channels of additional I/O cards and by commanding five direct digital synthesizer (DDS) boards.
They generate the required frequencies and frequency chirps for AOMs and laser frequency
stabilization. In parallel the user or an additional routine can change the event list for the next
run. The new sequence is loaded at the beginning of the next run during the MOT phase. All
clocks of the FPGA and the DDS are synchronized to a stable frequency reference DLR-100
from Spectra Dynamics which generates 10, 100 and 300 MHz from a 5 MHz Wenzel Blue Top




For efficient and complete data storage a database structure has been developed as part of
this work. It reflects the various control parameters and has been implemented into a MySQL
database. For each experimental run the measured data and the complete control sequence,
consisting of the event lists for the I/O cards and the DDS boards, are stored into the database.
This way the parameters for each single measurement can be reloaded and compared to the ones
of other measurements. The single measurements are organized in measurement series, e.g.,
representing a scan of a certain parameter. Using the database efficient storing and searching
of the data is ensured.
The structure of the database is visualized in the enhanced entity-relationship diagram in
Fig. 3.13. In the upper and lower box the tables for the measured data and the control sequence
are shown, respectively. The series of measurements are stored in the table Messreihen and
all individual measurements are saved in the table Messungen. Each series is connected to
the corresponding measurements with a one-to-many (1-∞) relationship via an identifier. In the
same way each single measurement is related to the many digitized samples of the photomultiplier
tube (PMT) signal which are stored in the tables Messwerte and Nullmessungen for the detection
and background detection signals, respectively. This way the sample rate and the total number
of samples can be changed for different measurements. Digitized data from the seismometers
are stored in the table Vibration_Data.
Each single measurement is connected to the corresponding computer sequence which has
been used for controlling the experiment by a one-to-one (1-1) relationship. The sequences are
stored in 5 tables in total of which the table Sequenzen contains a unique entry for each sequence.
It provides identifier to resolve the relations to the other tables. A recent modification allows
to reuse the identifier for entries in the table Sequenz_Arrays, when they have not changed
in between consecutive measurements, for a more efficient storage. For a single run (≈ 1.5 s)
typically 103 to 104 measured values and sequence parameters, such as timing information,
channel numbers, output values and so on, of various data types and precision have to be
stored. During continuous operation this results in memory requirements of ≈ 2 GB per day.
The tables can be easily extended if further parameters have to be stored in the future.
Routines for the analysis will not be affected since every parameter can still be loaded via
the measurement or sequence identifier and the parameter name. Data is subsequently stored
starting with the tables on the lowest level to ensure that all available entries in the tables
Messungen and Sequenzen represent a complete data set even in the case of failures, e.g., when
the saving process has been interrupted for any reasons. The timing system has been prepared
to automatically store all data whenever a measurement series is started such that no data
can be lost. All information is nearly instantly available for analysis on any computer within
the network and without the need to handle any files. An automatic duplication to another
computer has been realized using the MySQL replication routine.
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Figure 3.13.: Database structure with tables for measured data and experimental parameters (up-




In this chapter, the experimental sequence, including the preparation of the atomic cloud, the
interferometer pulses, and the detection, is described. It is applied during each single run of
the interferometer. Afterwards, an initialization process, necessary to reach unambiguousness
of the measured interferometer phase, and a measurement protocol are illustrated in Sec. 4.2.
The procedure is the basic principle for all gravity measurements presented in this work. It is
based on the one presented in [65, 66] with a few minor modifications. Due to the more stable
laser system and a more precise adjustment it was possible to permanently reduce the final
temperature of the atomic cloud after the launch from formerly 6µK to only 1.9 ± 0.1µK. This
results in an improved signal to background ratio during detection. The detection sequence has
been extended by a third pulse to get additional information on the flight curve of the cloud.
In addition, the computer control system has been improved enabling for a more advanced
measurement protocol with alternating directions of the effective Raman wave vector between
single runs. Both measures will be of use for the analysis of systematic effects later on. Finally,
in Sec. 4.3 the results of a first gravity measurement showing typical influences from the Earth’s
tides are discussed.
This chapter also provides the basis for all gravity measurements taken for the analysis of
systematic effects and during the comparison campaigns for long-term characterization of the
instrument which are discussed in Chapters 5 and 6.
4.1. Experimental sequence
The atom interferometer is operated in pulsed operation and every single measurement lasts for
approximately 1.5 s. Each cycle starts with the preparation and launch of a cold atomic cloud
during the MOT and molasses phase which is followed by a selection process. Afterwards, the
cloud is left in free fall on its parabolic trajectory only interacting with three Raman light pulses
which create the interferometer and are separated by the time T . Finally, the population ratio
of the inner states is determined via fluorescence detection.
4.1.1. MOT and optical molasses
Within the magneto-optical trap (MOT) zone six laser beams with circular polarizations are
arranged in a 1-1-1 configuration and meet each other at the center of the chamber at right
angles (see Sec. 3.1.1). In combination with a magnetic quadrupole field from anti-Helmholtz
coils a MOT configuration is formed which allows for trapping of atoms in its center and also
for cooling of the emerging atomic cloud [75–77]. In our configuration all laser beams are tuned
20 MHz to the red of the 87Rb |F = 2⟩ → |F ′ = 3⟩ closed transition, which corresponds to
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about three atomic linewidths, such that atoms more often scatter photons from a counter-
propagating than from a co-propagating beam. This is due to the Doppler effect which shifts
the laser frequency closer to the atomic resonance in the former case and further away in the
latter case. As a result the atoms are decelerated and a lower mean velocity is achieved which
can be connected to a lower temperature via the Maxwell-Boltzmann distribution.
In addition, a magnetic field gradient of 0.5 mT/cm causes a spatially dependent Zeeman shift
lifting the degeneracy of magnetic sub-levels. Thus, the scattering rate is enhanced for either
σ+ or σ− polarized light while the other one is reduced in dependence of the position of the
atom relative to the center of the MOT. This gives a spatially dependent force and creates a
trap. Three Helmholtz coils are used to compensate for background magnetic fields to ensure
the field minimum to be in the center of the chamber.
A second overlapped laser beam, the repumper, is in resonance with the 87Rb |F = 1⟩ →
|F ′ = 2⟩ transition and transfers atoms scattered by chance to the |F = 1⟩ state back to the
atomic levels involved in the cooling process. The beam diameters are 30 mm (1/e2) and have
40 mW of cooling light per beam and 5 mW of repump light in total.
During the MOT loading time of 600 ms some 108 rubidium 87 atoms are captured from the
vapor emitted by the dispenser and from the background vapor present in the vacuum chamber.
At the same time the atoms are cooled due to the velocity dependent light forces. During the
last 5 ms the magnetic coils are switched off and residual magnetic fields decay resulting in an
optical molasses without spatially dependence of the light forces. Afterwards, the upper and
lower beam triplets are detuned by 3 MHz to the red and blue respectively for 3 ms. This way
the atomic cloud is accelerated to a mean velocity of 4.05 m/s upwards in vertical direction.
During the last 2 ms laser intensities are in a first step reduced and then adiabatically ramped
down and the mean red detuning is increased to 144 MHz to further decrease the temperature
of the cloud. The repump laser is switched off only 3 ms afterwards to ensure that all atoms
finally are in the |F = 2⟩ state.
Final temperature of the atomic cloud
The final temperature of the molasses determines the mean velocity of the atoms and as a
consequence the expansion rate of the atomic cloud. This influences its spatial extension at the
time of the Raman pulses of the interferometer and also during the detection sequence after
778 ms of free fall. In order to detect as many of the atoms as possible in the limited detection
area the temperature should be as low as possible.
The temperature of the atomic cloud is determined by testing the population of different
velocity classes [78]. A velocity selective Raman pulse transfers a certain velocity class from
the |F = 2⟩ to the |F = 1⟩ internal state. In our configuration both Raman beams enter
the vacuum from the top with equal linear polarization and are retro-reflected at the reference
mirror below the vacuum chamber. A λ/4 retardation plate mounted on top of the mirror turns
the polarization of the reflected beams by 90°. The atomic transition is driven by one beam
coming from the top and one from the bottom with orthogonal linear polarizations (lin ⊥ lin
configuration). Therefore, the frequency difference between the lasers is tuned to match the
sum of the hyperfine splitting and twice the Doppler shift of the atom (there is a Doppler shift
for each beam with a different sign depending on the pointing direction of the laser beam). As
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Figure 4.1.: Temperature determination using velocity selective Raman pulses. A Gaussian fit
(black line) reveals a corresponding temperature of the rubidium cloud after optical molasses of
1.9 ± 0.1µK.
a consequence the second beam pair is shifted out of resonance and only the first beam pair
drives the Raman transition. After the Raman pulse, a fluorescence detection scheme is used to
determine the population of the two internal states (see Sec. 4.1.4).
In a series of experimental runs, each performed with a slightly different frequency of the
Raman pulse, atoms of different velocity classes are transferred. Figure 4.1 shows the number
of atoms in the |F = 2⟩ state plotted against the relative Doppler shift. The full width at
half maximum of the Gaussian distribution is 40.9 ± 1.3 kHz corresponding to a temperature of
1.9 ± 0.1µK. This result is almost identical to the coldest temperature value of 1.8µK for an
optical molasses with 87Rb found in literature [79].
4.1.2. Selection process
In the interferometer sequence for the measurement of the gravity acceleration a Raman π pulse
is used to select atoms of one central velocity class shortly after the launch. The pulse has
a Gaussian intensity variation in time with a width of 56µs. It only transfers atoms within a
certain velocity spread which is determined by its spectral width ∆ω according to the Heisenberg
uncertainty principle ∆ωτ ≥ 12 . The corresponding temperature to this spread is approximately
13 nK. The pulse length is chosen to last about three times longer than the π pulse of the
interferometer applied later on. By this means, nearly uniform resonance conditions can be
ensured for all remaining atoms leading to more efficient Raman pulses during the interferometer
sequence.
The selection pulse only transfers atoms from the |F = 2,mF = 0⟩ magnetic sub-level due
to a magnetic bias field which is applied directly after the molasses phase. The magnetic field
shifts the energy levels of the non-zero magnetic sub-levels out of resonance of the Raman pulse
and those atoms remain in the |F = 2⟩ state. They are accelerated by a subsequent blow-away














Figure 4.2.: Populated magnetic sub-levels of the internal atomic states |F = 1⟩ and |F = 2⟩
indicated by the red dots at four different stages of the selection process.
the selected cloud. Afterwards, a resonant microwave π pulse transfers the remaining atoms
back to the |F = 2,mF = 0⟩ state followed by a blow-away pulse clearing the |F = 1⟩ state.
Thereby, atoms are removed which have been optically pumped to other magnetic sub-levels by
the Raman pulse. The population of the atomic states and their magnetic sub-levels is visualized
in Fig. 4.2.
In the end we have prepared an atomic cloud in the |F = 2,mF = 0⟩ state with a velocity
distribution corresponding to 1.9µK in both horizontal directions and to 13 nK in the vertical
direction.
4.1.3. Interferometer phase
When the well-prepared atomic cloud enters the interferometer zone with the magnetic shielding
the π/2-π-π/2 Raman sequence is applied. The pulses create a superposition of the two ground
states with different velocities, re-direct the two spatially separated clouds after the time T
and finally close the interferometer at 2T (see Sec. 2.2). They have a rectangular shape in
time with typical pulse lengths of 20µs (π/2 pulse) and 40µs (π pulse) and are separated by
T = 260 ms. Their short lengths in comparison to the velocity selection pulse makes them
less velocity selective causing approximately the same transition probabilities for all atoms and
ensure a high interferometer contrast. The intensities for the Raman master and Raman slave
beam are 60 mW and 35 mW respectively with a beam diameter of 29.5 mm. In combination with
the chosen Raman detuning of 700 MHz the AC Stark shift is canceled for the interferometer
(see Sec. 2.3 and Sec. 5.6).
The central pulse is switched on a few milliseconds after the atoms reach the apex of their
trajectory ensuring nearly equal long times for rise and fall inside the magnetic shield before
and after the pulse. This allows a long time spacing between the pulses. At the same time a
non-zero Doppler shift is present at the central pulse such that only one beam pair drives the
atomic transition while the second is shifted out of resonance.
During the complete interferometer sequence the frequency difference between both Raman
beams is chirped at a rate of α = dω/dt ≈ 2π×25.1 MHz/s to compensate for the Doppler shift
of the atoms and keep the Raman pulses resonant to the hyperfine transition. In addition, the
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Figure 4.3.: Fluorescence signal of the atomic cloud observed by the PMT during the detection
sequence starting at ti = tDetection (black curve). The background signal (gray curve) was detected
using the same sequence at ti = tBackground when the complete cloud had passed for the purpose of
normalization. Three windows of equal length (dashed lines) exclude rising and falling slopes from
further analysis. The marked areas are proportional to the number of atoms in |F = 2⟩ and to the
total number of atoms.
When the atoms reach the detection zone again at the time tDetection, they are subjected to
a sequence of three resonant detection light pulses and their fluorescence light is collected by a
photomultiplier tube (PMT). The detection pulses are slightly detuned to the red relative to
the |F = 2⟩ → |F ′ = 3⟩ closed transition frequency and test for atoms in the |F = 2⟩ state.
Two intermediate repump pulses transfer atoms initially in the |F = 1⟩ to the |F = 2⟩ state.
The complete sequence is repeated after the cloud has passed the detection zone at the time
tBackground for the purpose of normalization. This time only stray light and fluorescence from
background vapor is present. Both PMT signals, from detection and background detection,
are shown in Fig. 4.3. The detected signals are segmented in three parts of equal length each
covering one detection pulse but excluding the rising and falling slope of it. The areas inside the
windows and between the two curves give the detected fluorescence light of the atomic cloud.
The first area is proportional to the number of atoms in the |F = 2⟩ state NF 2 and the second
and third areas to the total number of atoms NF 2 + NF 1. The ratio between the areas of the
first and second pulse then gives the relative fraction of atoms P2 which were already in the





The gravity value is then calculated from the transition probability P = 1 − P2 applying
Eq. (2.45). The ratio of the second and third pulses is used as a supplementary test to ver-
55
4. Gravity measurement
ify that the detection has been performed at the right instant when the cloud is at the height




































Figure 4.4.: Phase scan of the last Raman laser pulse ∆ϕL of the atom interferometer measured
at a pulse separation time T of 260 ms: The population of the |F = 2⟩ state underlies a sinusoidal
change. A mathematical fit (black curve) of the data points is used to extract the mean population,
contrast, and phase of the fringe.
According to Eq. (2.45) a change of the interferometer phase causes a sinusoidal change of
the population of the hyperfine ground states of the atoms. This relation can be observed by
applying different phases for the last Raman laser pulse of the interferometer during subsequent
interferometer runs. The resulting sinusoidal fringe is shown for a pulse separation of T = 260 ms
in Fig. 4.4. The mean population, the contrast, and the phase of the fringe can be extracted
from a mathematical fit which is plotted as a black line. It gives a fringe contrast (twice the
amplitude of the cosine function) of 0.52 ± 0.02 and a phase of 773 ± 20 mrad for the position of
the maximum.
The phase can now be calculated from each data point individually to increase the temporal
resolution by keeping the former two parameters and the approximate position of the fringe
maximum constant.
The processing, which extracts the phase and gravity information from the experimental
parameters and the raw data obtained from the PMT and which is used for their analysis, has
been realized with home-made software routines implemented with the computational program
Mathematica [80]. A correct evaluation could be verified by comparing the resulting gravity
values of early measurements to the ones of independent realizations, e.g. [65].
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Figure 4.5.: Variation of the chirp rate α between subsequent interferometer runs taken at different
pulse separations T of 150 (red), 200 (blue), and 260 ms (black points). The common maximum
leads to the correct chirp rate. The solid lines show moving averages of the measured data for better
clearness.
4.2. Gravity measurement protocol
Determination of the full phase information
The phase of the interferometer can only be determined modulo 2π from a single fringe pattern.
Patterns obtained from different pulse separations of the interferometer T are analyzed in order
to get the full phase information. For each pulse spacing the chirp rate of the Raman slave laser
α is varied between consecutive runs to observe its effect on the relative state population of the
atoms. According to Eq. (2.44) the phase of the interferometer is zero and the interferometer
output becomes independent of T when the chirp rate exactly cancels with the product of the
effective light vector and the gravity acceleration keffg.
Figure 4.5 shows the relative population of the |F = 2⟩ state plotted against the applied
chirp rate measured at T = 150, 200, and 260 ms. Only for the chirp rate of interest the state
population is maximal during all configurations at the same chirp rate. In this case the maximum
is at α = 2π × 25.152 797 MHz/s and corresponds to an acceleration of 9.812 628 m/s2.
High-precision gravimeter
Once the correct chirp rate is determined with adequate precision, it is used to reduce the
remaining interferometer phase to the interval (−π, π) where it can unambiguously be calculated
from the position of the fringe’s maximum. Without any cancellation by the chirp rate the
interferometer phase would reach almost 1 × 107 rad at T = 260 ms, which gives a phase response
of 1.09 mrad/(nm/s2) for accelerations along the direction of the effective light vector. This gives
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an operational range of ±3.1µm/s2 for the interferometer in this high-precision mode. As long
as residual vibrations of the reference mirror or other influences do not cause changes larger
than this number within a few experiment cycles it is possible to adjust the chirp rate in time
and extract the full phase information. Under typical conditions the active vibration isolation
system is able to keep the scatter between runs below 0.2µm/s2 which allows for a good estimate
of the interferometer phase in advance.
A series of measurements is typically started with a scan of the complete fringe during 32
single measurements to extract its mean population and contrast. Afterwards, the computer
adjusts the laser phase of the last Raman pulse ϕL to test the population only on the slopes to
the right and left of the maximum since they are most sensitive to phase changes. This scheme
is followed for approximately 20 minutes while the laser phase is continuously adapted to track
the centers of both slopes and therefore also the population maximum.
This scheme is applied to measurements with an effective light vector pointing upwards (k↑
configuration) as well as to measurements with an effective light vector pointing downwards
(k↓ configuration). The direction of the light vector is reversed each run in order to measure
systematic differences between both configurations with high temporal resolution (see Sec. 5.5).
This adds up to 64 runs for the scans of the two fringes followed by measurements on the slopes
in groups of four configurations:
1. k↑ “left slope” - 2. k↓ “left slope” - 3. k↑ “right slope” - 4. k↓ “right slope”
From each of the population measurements the position of the fringe maximum is calculated us-
ing the information of the mean population and contrast obtained from the corresponding fringe
scan. Afterwards, the complete, extended scheme with fringe scans and slope measurements for
k↑ and k↓ is repeated.
4.3. Gravity
The gravity acceleration g is calculated from the population using Eq. (2.45). The relative
gravity course measured over a period of six days in December 2012 is shown in Fig. 4.6. Each
data point represents the average value of all measurements taken within 15 minutes. The
observed changes are due to the main tidal effect, which changes its amplitude and shape from
day to day. The black line plotted behind the measured data points displays the tidal prediction
including ocean loading which have been calculated with the software T-Soft [81]. The program
is based on a theoretical model and uses a set of experimentally determined local parameters.
The latter was provided by the Institut für Erdmessung (IfE) in Hanover and the Bundesamt
für Kartographie und Geodäsie (BKG) and is attached in the Appendix A.
The variations have a magnitude of almost 2000 nm/s2 during the first day which is a relative
change of 2 × 10−7 compared to the absolute gravity value.
Applied corrections
The basic tidal effect is the strongest temporal influence on gravity when the measurement is per-
formed at a fixed location. In order to identify other effects originating either from environmental
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Figure 4.6.: Gravity variations measured by the GAIN atom interferometer. Each point represents
the average value of all measurements taken within 15 minutes. The solid line shows a tidal prediction
calculated using a theoretical model.
or instrumental influences, the tidal effect, ocean loading, polar motion, and atmospheric mass
redistribution are subtracted from the measured signal (compare Sec. 1.1). Remaining residuals
of the first measurements revealed variations at the order of several 10 nm/s2 over periods of
a few hours up to one day. Their origins and efforts carried out for further improvement are
discussed in the following chapter. Absolute gravity values are obtained by correcting the mean




In this chapter, the influences of several systematic effects are discussed which had been iden-
tified as possible causes for drifts in early measurements. They include the alignment of the
Raman laser beams (Sec. 5.2), where a new method has been developed, the stability and ac-
curacy of frequency references (Sec. 5.3), and influences from the detection (Sec. 5.4). Methods
implemented for their temporal stabilization and for the suppression or correction of possible
offsets are introduced. It is shown that changes due to a reversed light vector are constant
in time (Sec. 5.5) and that the AC-Stark shift has been canceled to a great extent (Sec. 5.6).
The suppression of the Coriolis effect of the Earth has been realized by Christian Freier. It
is presented in Sec. 5.1, since, for one thing, it is an important improvement and, for another
thing, the hardware has been included in the tilt control. An overview of the different impacts
on the gravity value and further effects discussed in other works is given in the last part of this
chapter.
5.1. Coriolis effect of the Earth
Besides the phase contribution arising from accelerations there is another contribution occurring
from the Coriolis effect of the Earth [29]. Earth’s rotation in combination with a horizontal
velocity of the atoms in East-West direction causes a systematic shift of the measured phase1.
The resulting bias for the measured acceleration is
∆gCor = 2Ω(v0 × k̂eff) (5.1)
where Ω and v0 denote the rotation rate of the Earth and the mean velocity of the atomic cloud.
k̂eff is the pointing direction of the effective wave vector. Equation (5.1) can be simplified using
the Earth’s rotation rate of 73µrad/s and the local latitude (52° for Berlin). This gives
∆gCor ≈ 2 · 44µrad/s · vEW (5.2)
where vEW is the mean horizontal velocity of the cloud in east-west direction.
One way to avoid this bias would be to null the mean velocity vEW for the detected atoms.
However, the remaining velocity would have to be less than 60µm/s in order to achieve the
targeted accuracy of 5 nm/s2. This would correspond to a horizontal displacement between the
initial MOT position and the final detection area of below 43µm. This level of alignment is
hard to achieve in the current experimental set-up.




A second possibility to suppress the additional phase shift is to compensate the Raman beams
for the rotation of the Earth. Therefore, the retro-reflecting reference mirror is mounted on
a piezo driven tip-tilt platform (S-330 2SL by PI) rotating the mirror counterclockwise to the
Earth’s rotation rate during the interferometer sequence (similar to [82–84]). This way the phase
shift is reduced and the alignment requirements relax to an acceptable level. The implementation
into our experimental setup was done by Christian Freier.
The bias of the measured acceleration ∆gCor was determined to 100 nm/s2 from two con-
secutive measurement series, one with enabled and one with disabled Coriolis compensation.
This corresponds to a horizontal velocity vEW of ≈ 1 mm/s. The remaining uncertainty with
enabled Coriolis compensation is dominated by the quality of the orientation of the tilt axis.
Assuming an inaccuracy of less than 3° and similar mean velocities of the cloud in east-west and
north-south direction, the uncertainty in g becomes smaller than 5 nm/s2.
5.2. Tilt
The direction of the effective Raman wave vector determines the measurement axis of the inter-
ferometer and its scalar product with the vertical unit vector can be read as a scaling factor of
the instrument. It is reduced for tilted Raman beams and causes systematic drifts in the case
of changing tilts.
In this experiment the tilts of the incoming and retro-reflected beams are controlled in two
separate steps. In a first step, the tilt of the reference mirror is monitored and actively stabilized
using a newly developed method. This results in a constant and maximized absolute value of
the effective Raman wave vector in Eq. (5.4). In a second step, the pointing direction of keff is
ascertained and the vector aligned parallel to the vertical.
5.2.1. Alignment and active tilt stabilization of the reference mirror
For initial alignment of the reference mirror and the retro-reflected Raman beam an autocolli-
mator setup is used. An additional beam splitter is inserted into the Raman beam path and
directs 50 % of the incoming beam from the telescope on the top of the chamber to a another
output. This second beam is retro-reflected by a hollow corner cube within an angle of less than
5µrad (according to its specifications) and is then overlapped with the retro-reflected beam
from the reference mirror, see Fig. 5.1a. Both beams are focused by a lens on a CCD camera
chip at the remaining output of the beam splitter where their distance is minimized to align the
reference mirror. This procedure allows for an accuracy of approximately 20µrad to 50µrad,
which almost meets the minimum requirement of 22µrad for an accuracy of ∆g/g = 5 × 10−10
for the atom interferometer.
A new method without additional optics in the beam path was developed for a better alignment
clearly fulfilling the requirements. It also permits permanent monitoring and re-alignment while
the interferometer measurements are in progress. The tip/tilt stage below the retro-reflecting
mirror is utilized to scan both angles until the pre-aligned, retro-reflected beam is coupled back
into the optical fiber, see Fig. 5.1b. Behind the fiber a PBS directs the beam, which has a linear
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Figure 5.1.: Alignment of the reference mirror: a) initial alignment with beam splitter and corner
cube. The two beams are focused on a CCD camera chip. b) coupling of the retro-reflecting beam
back into the fiber and c) the corresponding signal of the photodiode situated behind the fiber during
a scan of the mirror tilts. The three points indicate the tilt positions and photodiode signals of the
three Raman pulses during the later interferometer sequence with enabled Coriolis compensation.
a photodiode (PD2 in Fig. 3.12 in Sec. 3.2.5). The resulting signal, displayed in Fig. 5.1c, has
a FWHM of 17µrad. In this method, in contrast to the method used for the pre-alignment, the
position of the maximum does not suffer from systematic shifts arising from additional optics.
Once aligned, the signal of the photodiode is monitored during the three Raman pulses. The
rotation of the mirror carried out for Coriolis suppression causes different signal strengths on the
photodiode. While the middle pulse reaches maximum intensity, the first and third pulses have
lower but equal intensities because of the tilt introduced by the rotating mirror. Any deviations
from this relation indicate a change of the alignment. The mirror tilt in the perpendicular
direction is observed during the MOT phase with three additional Raman pulses and a rotation
of the reference mirror round the axis perpendicular to the one used before. The additional pulses
are far off-resonant and no mutual influence between them and the MOT could be observed.
The signals of the photodiode are used to control a slow feedback loop which compensates for
tilt drifts arising, e.g., from the vibration isolation system.
5.2.2. Tilt and alignment of the Raman telescope
The pointing direction of the Raman telescope is likewise adjusted in two steps. In the first step,
the autocollimator set-up from the initial alignment of the reference mirror is adapted. The
mirror is replaced with a bin containing paraffin whose surface serves as a horizontal reference
and retro-reflects part of the light beam. Both beam spots are then overlapped on the camera
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Figure 5.2.: Top: Residual gravity variations (black dots) observed during a time series of five days
in August 2012 and the calculated influence from tilts (blue line). Bottom: Remaining variations after
additional correction for tilt effects. Each data point is the mean value of one hour of measurement.
by tilting the telescope to the correct angle. The accuracy is limited by the additional optics and
also by the accuracy of the liquid’s surface influenced by the surface tension. An additional angle
between the vertical and the beam inside the vacuum chamber is expected to be introduced by
a wedge profile of the lower window of the chamber.
The limitations can be circumvented in a second alignment step. Therefore, the gravity value
is measured at different tilts of the telescope and the results are evaluated using the following
relation between the measured gravity values gi and the appendant tilts.
gi = g0 cos (θx,offset + θx,i) × cos (θy,offset + θy,i) (5.3)
The tilts θx,i and θy,i are measured with two tilt meters2 mounted directly to the telescope and
pointing to orthogonal axes. θx,offset and θy,offset denote the initially unknown offsets of the tilt
meters and g0 is the gravity value in vertical direction. The offsets are determined by applying
the method of least squares to a measurement series containing different tilts.
The top of Fig. 5.2 shows remaining variations of the measured gravity after the applied
corrections described in the previous chapter. The blue line corresponds to variations calculated
from the appendant tilt values and the tilt offsets determined from the series. The differences
between measured and calculated values are shown at the bottom of Fig. 5.2. In order to shorten
the time necessary for this procedure and to avoid possible influences from gravity variations




































Figure 5.3.: Top: Stronger and more targeted tilt influences during a shorter period are observed
when the Raman beam direction is actively tilted. Bottom: Remaining variations after correction.
Each data point is the mean value of 5 min of measurement.
the variations obtained during the alignment procedure at a measurement campaign in October
2013. The influence of the single tilt steps are clearly visible. During the complete procedure the
active tilt stabilization of the reference mirror ensured the correct alignment of the retro-reflected
beam.
Once the tilt offsets θx,offset and θy,offset are determined, the gravity values already measured
can be corrected with the help of Eq. (5.3) and the telescope is set to the correct tilt values for
proper vertical alignment to decrease the effect of tilt drifts. The process has been repeated for
several times during a measurement campaign lasting for two weeks. The obtained tilt offsets
for the vertical direction revealed a remaining statistical uncertainty of only 5µrad which is well
below the requirements for the targeted accuracy.
5.3. Reference frequencies
The atom interferometer allows to relate accelerations very precisely to the absolute frequencies
of the two Raman lasers f1 and f2 via Eq. (2.44) derived in the beginning. The frequencies
determine the effective light vector
keff = k1 + k2 =
2π
c
(f1k̂1 + f2k̂2) (5.4)
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where k̂1 and k̂2 denote the two unit vectors of the Raman beams and c the speed of light.
Therefore, it is not only necessary to control the exact pointing of the light vectors, but also
their absolute frequencies.
The Raman master frequency is stabilized by an electronic offset lock which adjusts the beat
frequency between the master laser and a reference laser to a radio frequency generated by a
DDS. For the Raman slave laser similar electronics control the offset relative to the Raman
master laser. Consequently, the frequency of the reference laser and the frequency of the radio
reference for the DDS both directly influence the two Raman laser frequencies and need to be
tested for stability and absolute accuracy on the level of the desired relative atom interferometer
accuracy of 5 × 10−10.
5.3.1. Radio frequency reference
All radio frequencies used in the experiment are directly or indirectly generated from the 10 MHz
and 100 MHz outputs of the frequency reference from Spectra Dynamics which is based on a
Blue Top quartz working at 5 MHz. Its impact on the Raman laser phase noise was already
examined during a former thesis by Malte Schmidt [66] and found to be below 10 nm/s2 for
T = 230 ms and τ > 5µs. Its absolute frequency is compared to a 10 MHz signal of a GPS
receiver or to another frequency standard. It is adjusted to the correct absolute frequency by
manual control before a measurement campaign or alternatively, if the frequency noise of the
standard is low enough, permanently by an included electronic phase lock.
5.3.2. Frequency of the reference laser
The reference laser is stabilized to 40 MHz below the 85Rb D2 |F = 3⟩ → |F ′ = 4⟩ transition.
The stabilization is achieved with the help of a Doppler free spectroscopy (see Sec. 3.2). The
offset is due to the frequency shift of an AOM inside the optical setup.
A relative frequency accuracy of better than 5 × 10−10 implies an absolute accuracy of the
laser frequency of better than 200 kHz which is more than one order of magnitude smaller than
the natural line width of the optical transition (6 MHz). At this level deviations due to, e.g.,
electronics, cannot be completely excluded in the current setup. In order to determine the actual
absolute frequencies of the reference and so of the Raman lasers and their stability over time, a
series of additional spectroscopy measurements has been performed at the atomic cloud inside
the vacuum chamber.
Using the experimental sequence described in Sec. 4.1 a cloud of 87Rb is trapped, cooled, and
launched. After the selection process only a single pulse with one laser resonant to the 87Rb
|F = 2⟩ → |F ′ = 1⟩ transition is applied instead of the Raman interferometer pulses. The mirror
below the chamber still retro-reflects the beam. The pulse optically pumps part of the atoms
initially in the |F = 2⟩ state to the |F = 1⟩ state. Finally, the relative population is measured as
described before. During the pump pulse the second laser of the Raman laser pair is tuned far
off from any resonance or blocked to prevent any influence. The transfer efficiency of the pump































Figure 5.4.: Spectroscopy of cold atoms at the apex of the atomic fountain (black dots) with
Gaussian fit (black curve) and at a vertical velocity (gray dots) with a moving average (gray curve).
Figure 5.4 shows two series of measurements, one performed at the apex of the fountain
with a vertical mean velocity of the atomic cloud of nearly zero (in black) and one performed
further downwards but still inside the magnetic shield with a vertical mean velocity of the cloud
of 2.3 m/s (in gray). The difference between the frequency of the pump laser pulse and the
expected resonance (for a perfectly accurate reference laser) is listed on the x-axis. The center
of the signal obtained from the scan at the apex is shifted by −0.41 ± 0.06 MHz which is also
the deviation of the reference laser from its nominal value. Shifts of the optical transition are
not expected at this level due to the well-controlled environment inside the vacuum chamber
with its magnetic shield and the preparation of the atoms in the |mF = 0⟩ internal state.
The width of the spectroscopy signal is 6.85 ± 0.07 MHz and hence only slightly above the
natural linewidth of the transition. The very narrow vertical velocity distribution of the atomic
cloud, which equals to a temperature of only 13 nK after the velocity selection process, reduces
Doppler broadening to below 50 kHz. The second series of measurement (in gray) has a reduced
maximal population in |F = 1⟩ and a wider resonance. The atomic cloud which is moving
downwards observes a frequency of the laser pump pulse which is shifted to the red for the light
coming from the top of the chamber and shifted to the blue for the retro-reflected light. As a
result, two resonances with lower height occur which are equally shifted to opposite sides by the
Doppler effect.







































Figure 5.5.: Influence of the detection. Top: The detected, normalized signal (solid line) slightly
differs from the expected signal (dashed line), especially on the slopes. Bottom: The deviation (solid
line) resembles a sinusoidal curve oscillating at twice the phase (dashed line).
5.4. Detection
5.4.1. Shape of the detected fringe
The output of the atom interferometer gives a sinusoidal change of the relative population of
the |F = 2⟩ hyperfine state of the atoms. After the last interferometer pulse, atoms in the two
different states still have different momenta because of the coupling of their inner state and their
external momentum. Consequently, they slowly move apart. In our configuration the distance
between the centers of the two clouds amounts to about 0.4 mm when they reach the detection
zone and the direction of the photon recoil k̂eff determines which atomic state enters first. A
second, even larger, displacement occurs because the clouds keep falling during detection. In
order to collect a reasonable amount of light the detection pulses are separated by about 0.4 ms.
During this time the clouds fall a distance of 1.4 mm.
The displacements of the clouds cause slightly different detection efficiencies of the light scat-
tered by the atoms. This effect can be observed when a single cloud is detected for a long time
while passing the detection zone. The efficiency coefficient η(d) decreases in a good approxima-
tion symmetrically and exponentially for vertical displacements d above and below the center
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of the detection zone. This is due to detection light with a non-uniform intensity profile and
a non-perfect projection of the fluorescence light on the PMT. In our detection scheme the
consecutive pulses are applied via the same telescope and thus at the same height. The falling
cloud causes changes of the coefficient during the detection process and thereby slightly distorts
the observed relative population P2 of the |F = 2⟩ state. The effect becomes apparent when η(d)




η(d2)NF2 + η(d2 + d∆F)NF1
. (5.5)
Here, d1 and d2 denote the mean displacements of the center of the |F = 2⟩ cloud during the
first and second detection pulse and d∆F the displacement between the two hyperfine states
populated with the number of NF2 and NF1 atoms.
As a consequence of a non-constant coefficient the fringe obtained from a phase scan is slightly
deformed. Its slopes are either lowered or elevated because the denominator changes with the
population ratio. Nevertheless, the positions of its maximum and minimum stay the same.
Figure 5.5 shows the average of more than 600 fringe scans each normalized to full contrast and
each center shifted to zero phase. Its slopes are symmetrically elevated around the maximum
above the expected population drawn as a dashed line. Its deviation, shown in the lower figure,
is a sinusoidal curve oscillating at twice the interferometer phase. Here, the dashed line shows
a mathematical fit.
The systematic deformation of the fringe has consequences for the analysis of the interferom-
eter output signal, when the expected fringe shape is used to calculate the phase of the single
measurements. It introduces systematic offsets to the calculated phases which are maximal in
the middle of the slopes and whose signs differ for the right and left hand side of the maximum.
In addition, the amplitude of the deformation depends on the exact timing of the detection
pulses. Thereby systematic errors are introduced into the single measurements which reach a
maximum of ±70 nm/s2 on the center of the slopes for the deformation shown here for an in-
terferometer pulse separation of T =260 ms. As a consequence, the effect increases the scatter
of a set of measurements (when taken at different phases). Secondly, the resulting mean phase
for the fringe’s maximum obtained from a data set depends on the distribution of the measured
values on the fringe. There is no shift for a set which is symmetrically distributed around the
maximum, while any imbalance causes an offset.
The additional scattering introduced by this effect is below the single shot sensitivity of
typically 150 nm/s2 per shot and can be further reduced by applying a correction to the detection
signal before calculating the interferometer phases. The effect is also visible in the ASD of the
gravity data where the four different measurement configurations, including opposite fringe
slopes and Raman light vectors, cause a spike at a quarter of the experiment’s repetition rate
(see also the ASD of the gravity data from one of the comparison campaigns which is shown
in Fig. 6.7 in Chapter 6). During this work a symmetric tracking of the fringe’s maximum
during the measurements and a correction for the deviations in the analysis has been used. The




5.4.2. Arrival time of the atomic cloud
The arrival time of the atomic cloud at the detection zone mainly depends on two initial starting
parameters: the vertical position of the prepared atoms and their vertical velocity component.
Temporal changes of the gravity value, e.g., due to tides, are too small to notably influence this
quantity. While the velocity is selected directly after the launch of the atomic cloud and deter-
mined via precise frequencies, the initial position is among others dependent on the MOT beam
intensities and the magnetic fields. Small variations therefore can affect the cloud’s trajectory
and the effective measurement height.
The second and third detection signals both detect the fluorescence of all atoms. Their ratio
can be analyzed to gain further information in this context. It changes with the vertical position
of the atomic cloud at the moment of the detection or in other words with the arrival time of
the cloud. Measurements reveal an approximately linear relation in our setup between the ratio
of the signals and a time displacement of the detection sequence within the range of ±1 ms.
During gravity measurements the mean variations typically correspond to displacements of less
than 0.2 ms for the arrival time on time scales of several hours. This is equivalent to vertical
shifts of the MOT position and the cloud’s trajectory of only 0.7 mm. The resulting variations
of the measured gravity due to the gravity gradient of 3080 nm/s2/m are well below the targeted
absolute accuracy.
5.5. Reversed Raman light vector
There are several systematic effects which are independent of the pointing direction of the Raman
light vector k̂eff, which means that the induced phase shift ∆Φindep does not change its sign when
the light vector is reversed. They include phase shifts arising from second order Zeeman shifts,
residual AC Stark shifts, and a non-linear frequency ramp due to electronics [29, 30, 85]. In
order to separate their influence from the one of the dependent effects the total interferometer
phase can be written as
Φ↑/↓ = ±

|keffg|T 2 + ∆Φgrad ± ∆Φrec + ∆Φdep

+ ∆Φindep (5.6)
where the arrows indicate the pointing direction, up or down, of the light vector and ∆Φdep
denotes the influence of other, dependent effects. ∆Φrec is a phase contribution arising from the
slightly different trajectories of the atomic cloud due to the reversed recoil in combination with
the gravity gradient (see Sec. 2.2.4). For T = 0.26 s the center of mass of the cloud is on average
3 mm lower during the interferometer sequence when the photon recoil is pointing downwards
compared to a recoil pointing upwards. This results in a slightly stronger gravity acceleration
due to the gravity gradient and the calculation gives ∆Φrec = −5 mrad. Further influences of
the gravity gradient are summarized in ∆Φgrad. The influence of the recoil and the independent
effects cancel out in the half difference Φ̄ of the two configurations
Φ̄ = Φ↑ − Φ↓2 = |keffg|T
2 + ∆Φgrad + ∆Φdep. (5.7)
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Figure 5.6.: Influence of reversing the wave vector keff and thereby the transferred photon re-
coil on the interferometer phase. Top: The absolute phase values for the Φ↑- (in blue) and
Φ↓-configurations (in red) both show the tidal signal each with a small offset (bins of 10 min,
Φ0 = 1.068 457 2 × 107 rad). Bottom: Half sum (Φ↑ + Φ↓)/2 of the configurations for bins of 10 min
(gray) and 60 min (black). The dashed line indicates the calculated phase contribution ∆Φrec.
In contrast to the half difference, the half sum solely includes the influence of the recoil and
the independent effects but excludes the acceleration and the dependent effects.
Φ↑ + Φ↓
2 = ∆Φrec + ∆Φindep (5.8)
Its value could be significantly stabilized and reduced in our atom interferometer setup by apply-
ing the correct intensity ratio for the Raman beams and with the upgrade to the improved laser
system. The absolute values of the interferometer phases for both wave vector configurations,
subtracted by a constant Φ0 = 1.068 457 2 × 107 rad, are shown in the upper part of Fig. 5.6.
For each configuration the measurements are time-averaged over intervals of 10 min. The lower
part shows the half sum of both phases time-averaged over intervals of 10 min and 60 min as gray
dots and a black curve. The dashed line indicates the calculated effect of the photon recoil in
combination with the gravity gradient. There is no global drift and the mean value is −35 mrad.
Subtracting ∆Φrec gives ∆Φindep = −30 mrad corresponding to −2.8 × 10−9 g with a standard
deviation of σindep = 4 mrad for the time average of 60 min corresponding to 0.4 × 10−9 g.
The observed stability of the independent effects excludes an influence on long-term recordings
of relative gravity changes at a sufficient level also for potential, non-perfect cancellation of the
half difference Φ̄. In contrast, the latter aspect might still cause a systematic offset to the
absolute gravity value which will be subject to future studies. The stability of the independent
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effects is also an improvement if compared to other works. Louchet-Chauvet et al. [30] found a
minimum temporal deviation of 0.8 × 10−9 g around integration times of 2 × 103 s to 4 × 103 s
for the half sum which increased again for longer integration times. In another work by Peters
et al. [29] values corresponding to a relative half sum of ≈ 4 × 10−9 and ≈ 7 × 10−9 are shown
for two different instants of the interferometer Raman π pulse while other parameters such as T
and τ are kept constant. They are equally spaced before and after the atomic cloud reaches the
apex. It would also be of interest to test the additional configurations with the GAIN sensor.
This was not realized because of an existing influence of the switched MOT coils on the vibration
isolator. A shift of the timing of the interferometer pulses relative to the coil switching causes
a changing offset and has to be postponed after the installation of a magnetic shield.
At the time of this measurement in October 2013 all improvements made during this work
had been implemented. Other aspects of this data are discussed in Sec. 6.3.
5.6. AC-Stark shift
The Raman laser beams can cause phase shifts in the interferometer due the AC-Stark shifts
of the hyperfine levels, see Sec. 2.3. In order to estimate their influence an additional Raman
test pulse, which is slightly off-resonant to the transition (δ = 6.6 MHz), has been included
between the first and second interferometer pulse. The measured interferometer phase has been
compared between runs with and without enabled test pulse. It has been measured for detunings
of the virtual level ∆ between −0.2 GHz to −1.8 GHz and for three different ratios of the Raman
Master and Slave optical powers: 40 mW : 40 mW (= 1 : 1), 60 mW : 31.6 mW (≈ 1.9 : 1) and
54.2 mW : 31.6 mW (≈ 1.72 : 1).
The necessary pulse lengths of the three regular interferometer pulses have been determined
in advance and been adapted for each of the combinations. They yielded 11µs to 90µs for the
π pulse with linearly increasing values for larger detuning ∆ and were also slightly dependent
on the chosen intensities. This behavior reflects the dependence of the effective Rabi frequency
on the detuning found in Eq. (2.19). A linear fit to the data gives
τπ =

42µs/GHz · |∆| , 60 mW : 31.6 mW , 54.2 mW : 31.6 mW
51µs/GHz · |∆| , 40 mW : 40 mW
(5.9)
The measured phase shifts introduced by the test pulses have been normalized by the pulse
lengths τTP of either 20µs or 30µs. It is shown for different combinations of the Raman intensity
ratio and the detuning of the virtual level ∆ in Fig. 5.7. An intensity ratio of 1 : 1 (black data
points) causes a strong offset per pulse length of 40 mrad/µs and more in the interferometer
outcome. Considering the required length of a π/2 pulse this results in offsets of the order of
103 mrad (≈ 103 nm/s2 for T = 260 ms). For a ratio of 1.9 : 1 (red data points) the shifts are
much lower and there exist two detunings with zero shift. The smallest influence over a wide
detuning range has been observed for a ratio of 1.72 : 1 (blue data points). The solid lines
represent the theoretical influence of the AC-Stark shift AδAC(∆,Ωeff), compare Eq. (2.66),
where the constant A is included as a conversion factor between the AC-Stark shift and its
influence on the atom interferometer phase. It has been fitted to the data for each intensity
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Figure 5.7.: Influence of a non-resonant Raman test pulse on the interferometer phase depending
on its detuning ∆ and intensity ratio between Master and Slave beam. The values are normalized
to a pulse of 1µs length. The intensity ratio 1.72 : 1 (in blue) shows minimal influence over a wide
frequency range and for a ratio of 1.9 : 1 two detunings with zero shift appear. Pulses with a ratio of
1 : 1 cause much stronger phase shifts (in black). The values are in good agreement with the fitted
model from theory (solid lines).
ratio. For the calculation the effective Rabi frequencies have been estimated from the condition
Ωeffτπ = π and the required pulse lengths given by Eq. (5.9). The measured values are in good
agreement with this model.
In this measurement the violation of the interferometer symmetry excludes any cancellation
of the effect. During gravity measurements at least a partial suppression can be expected via
the terms (θ01 − θ03) which are included in Eq. (2.37) and represent the effect during the first
and last pulse. The measured data can be used for a coarse estimate of the effect in the
regular interferometer. At a detuning of ∆ = −0.7 GHz, which was used during the gravity
measurements, the difference between the influences for the ratios 1.72 : 1 and 1.9 : 1 yields
≈ 10 mrad/µs and a π/2 pulse has a length of 15µs. Assuming that the total laser powers are
correct to within 0.2 mW and that the effect is approximately linear with the ratio in this regime,
this gives a shift of below 10 mrad for the interferometer phase. The effect will even be further
suppressed by the symmetry of the sequence. During long-term measurements the stability is
ensured by the Raman intensity stabilization, see Sec. 3.2.5. If a lower remaining uncertainty
of the absolute offset is required, the suppression factor could be determined by measuring the
influence of a test pulse near the last Raman pulse and comparing both results. For a different
detuning ∆ the changing interferometer pulse lengths have to be considered and that varying
intensity ratios also shift the positions of zero influence, see Fig. 2.8.
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Systematic effect typical effect remaining uncertainty
[nm/s2] after suppression [nm/s2]
AC Stark shift 1000 < 10
Coriolis effect 100 5
Vertical alignment 50 < 0.3
Wave front distortions (50) (50)
Magnetic fields from MOT coils (50) (50)
Non-perfect detection 20 < 5
Self attraction (from [65]) 19 1
Reference laser offset 10 1
Table 5.1.: Overview of systematic effects ordered by their strengths.
5.7. Overview of systematic effects
Table 5.1 summarizes systematic effects, their typical order of magnitude, and their remaining
uncertainty in our current setup. The largest shifts have been observed without cancellation
of the AC Stark shift, when equal Raman beam intensities were used instead of the correct
ratio, and without Coriolis compensation. Besides the ones already discussed three more effects
are listed. Self attraction of the instrument, which is induced by the mass distribution of our
vacuum chamber, has been calculated in another work [65]. It increases the measured value by
19 ± 1 nm/s2. The other two effects listed arise from pulsed MOT coils and from wave front
distortions of the Raman laser beams. They are still under investigation and given numbers are
meant as first estimates. Therefore, they cause the largest remaining uncertainties.
The MOT coils are switched on and off at a fixed time during each measurement. Hence, they
can influence the vibration isolation stage and potentially also the seismometer. An additional
magnetic shielding will be installed around the MOT zone in the near future to avoid this effect.
Wave front distortions of the Raman laser beams arise from imperfect optics and deformation
of the windows due to the vacuum. In combination with the remaining horizontal velocities
of the atoms they cause slightly different Raman phases at different Raman pulses. Primary
simulations and measurements performed for this instrument [86, 87] and measurements by other
groups [30] show that wave front distortions induce offsets and uncertainties presumably at the
order of 50 nm/s2.
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Several aspects of the GAIN instrument were tested during the course of overall three compar-
ison campaigns. Each of them was performed together with another state-of-the-art classical
gravimeter, including the mechanical spring gravimeter gPhone-98, the freely falling corner-cube
gravimeter FG5X-220, and the superconducting gravimeter SG-30. The sensitivity under differ-
ent vibrational conditions was compared to the classical instruments and the relative precision
and stability was analyzed over the course of several days. In addition, a preliminary absolute
value of the GAIN sensor was compared to the one obtained with the absolute gravimeter FG5X
and in another comparison to the one transferred by the superconducting gravimeter. During
all three campaigns the measurements with the atom interferometer were carried out in close
collaboration with Vladimir Schkolnik and Christian Freier.
The first comparison was performed with the original version of the GAIN laser system (see
Sec. 3.2) and for the second comparison the modifications were only partly completed. For the
last campaign, the laser setup was finished and the intensity stabilization for the Raman beams
could be applied for the first time. As a consequence the reliability, especially for long-term
observations, was clearly increased. A second important aspect of the third campaign is the
quality of the gravity data we could compare our results with. The superconducting gravimeter
had a much lower intrinsic noise than the other two gravimeter types and was operated at an
optimal location with a low seismic background. For this reason, the measurements of the last
campaign allowed to analyze additional aspects and is discussed in greater detail than the first
and second one.
The improvements achieved in mobility of the atom interferometer during this time are illus-
trated at the end of this chapter.
6.1. Comparison with the gPhone
The first parallel comparison measurement was performed together with the gPhone-98 in our
laboratory in Berlin-Adlershof in December, 2012. The latter is a mechanical spring-type
gravimeter build for relative gravity recordings (see Sec. 1.3). It allows for operation at most
different locations including field use and measurements on the second floor of a building as in
the present case. The instrument was operated by the Institut für Erdmessung (IfE) about two
meters away from the GAIN sensor. It had already been installed several weeks prior to the
comparison in order to let the spring settle down until initial run-in effects had decayed for the
most part.
The upper part of Fig. 6.1 shows a selection of the gravity changes recorded by the atom
interferometer and the theoretical prediction, which includes tidal effects and ocean loading.
The middle and lower figure display the gravity signals of the GAIN instrument and the gPhone
75
























































Figure 6.1.: Top: Signal of the atom interferometer (blue dots) and theoretical prediction (black
solid line). The middle and lower figure show the residuals of the GAIN and gPhone-98 sensors. The
residuals of the gPhone have been corrected for a linear drift of 102 nm/s2 per day. Each point is
the average of all measurements taken within 30 min.
after applying corrections for tidal effects, ocean loading, and atmospheric mass variations as
described in Sec. 4.3. In addition, the data taken by the gPhone has been corrected for a linear
drift of 102 nm/s2 per day which had been extracted from the data by the IfE [88]. Each point
is the average of all measurements taken within 30 min. The remaining measured variations are
below 20 nm/s2 for both time series which gives a mutual agreement at the lower 10−9 g level.
A direct comparison between both series reveals different trends on a daily timescale indicating
instrumental influences instead of small gravity variations not covered by the models. In the
case of the atom interferometer they might be due to intensity fluctuations of the Raman beams
which were not automatically stabilized during this measurement.
One apparent difference between the signals of the two instruments is the quality of their noise
and their dependence on the time of the day. The effect is also shown in Fig. 6.2 with a higher
temporal resolution of 1 sample/min on December 4. The residuals of the gPhone, in the lower
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Figure 6.2.: Detail of the gravity residuals measured on December 4. Top: Atom interferometer,
each point represents the average value of all measurements taken within 1 min. Bottom: Residuals
from the gPhone are influenced by the increasing vibrational noise level in the building. Here, data
was recorded with 1 sample/min.
figure, shows small variations at timescales of about 10 min and amplitudes of 20 nm/s2 during
the night. They significantly increase after 3 am1. The noise level further increases and reaches
its maximum around 9 am. The effect is also measured by an additional seismometer sensing an
increasing vibrational noise level inside the building during the day. The first increase coincides
with the start of operation of the suburban train which is only 0.6 km away at 4 am local time.
The signal of the GAIN sensor reveals a scatter which is in the beginning three times larger
than the variations present in the signal of the gPhone. In contrast, it remains almost constant
during the day. The increasing variations of the gPhone signal are practically not visible and
do rarely influence the longer averaged signal in Fig. 6.1.
The residuals of the atom interferometer in Fig. 6.2 are in a good approximation normally
distributed and have a standard deviation of 18 nm/s2. This statistics also applies to the data
when only averaged over two consecutive measurements, k↑- and k↓-configuration, with a dura-
tion of t = 3 s and a standard deviation of 80 nm/s2. The values follow the 1/
√
t relation for
uncorrelated noise and give a sensitivity of 113 nm/s2/shot or 139 nm/s2/
√
Hz.
Apart from the qualitative differences and the strong, global drift of the gPhone which is
already corrected here, the mean amplitudes of the scatter and of the residual variations during
day time have a comparable level.
1All times stamps used in the figures are given in coordinated universal time (UTC). The local winter time is
one hour ahead of it.
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Figure 6.3.: Top: Signal of the atom interferometer (blue dots) and theoretical prediction (black
solid line). The middle and lower figure show the residuals of the GAIN and FG5X-220 sensors.
Each point represents all measurement within 1 hour.
6.2. Comparison with the FG5X
Another campaign was performed together with the absolute gravimeter FG5X-220 even though
not all systematic effects of the atom interferometer had been characterized at the targeted
accuracy level. The opportunity still was taken in order to compare the preliminary absolute
gravity value of the GAIN sensor with the absolute value of the well established FG5X and
to analyze their differences in the context of the expected uncertainties. The measurements
were taken in June, 2013 in our mechanical workshop which is situated on the first floor of our
physics building. There, an absolute gravity reference point had already been established for
this purpose by the BKG in 2010 [89].
The FG5X-220 was operated by the IfE on top of the reference point and the atom interferom-
eter was installed about 2 m next to it. The former performed 50 free fall experiments (drops)
each hour with drop intervals of 10 s which are combined in one measurement set. During the
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Instrument Date Gravity value (nm/s2) Comment
FG5-101 Sept, 2010 9 812 641 390 ± 30 measured by BKG [89]
GAIN Dec, 2010 9 812 641 650 transferred from next room
FG5X-220 June, 2013 9 812 641 436 ± 23 measured by IfE [90]
GAIN June, 2013 9 812 641 742 transferred from different height
Table 6.1.: Gravity values measured at 1.25 m above the reference point in our physics building in
Berlin-Adlershof. Values obtained with the GAIN instrument are transferred using gradients and
connections from [89].
remaining time the instrument was idle in order to keep wear and tear low and increase the
life-time of the instrument. The atom interferometer was operated at its standard repetition
rate of 0.7 Hz. After parallel registration for a period of 3 days the FG5X was removed and the
atom interferometer was moved to the reference point and once again run for a few days.
The gravity time series of the atom interferometer and the residuals of both instruments
are shown in Fig. 6.3. The residuals include corrections for tidal effects, ocean loading, and
atmospheric mass variations. Each data point represents the average value of all measurements
taken within 60 min which corresponds to the length of one set for the FG5X. The residuals
of the FG5X reveal different qualities of their scatter on the individual days. On the weekend,
from June 8, and during the nights it is much lower than during daytime of the working days.
The standard deviations double from 14 nm/s2 on June 8 to 29 nm/s2 on June 5. For the GAIN
sensor they yield 9 nm/s2 for both days. On shorter time scales, e.g., in the early morning of
June 8, standard variations of about 3.6 nm/s2 corresponding to 176 nm/s2 per single shot are
reached. Another difference between the two sensors are trends visible in their signals. The
residuals of the FG5X decrease from the 4th to the 8th at the order of ≈ 50 nm/s2 in total.
Afterwards, they partly return during the last day. This drift is not present in the signal of the
atom interferometer. On the other hand, smaller features measured by the latter which are at
time scales of several hours cannot clearly be identified in the FG5X signal, e.g., on June 9.
The effective measurement height of the atom interferometer when operated on the reference
point was 1.388 m. Its absolute value has been transferred to a height of 1.25 m using the
local gravity gradient of −3.08µm/s2/m in order to compare it to the value of the FG5X.
The gradient had been determined by the BKG when the reference point was installed. In
Tab. 6.1 the absolute gravity values are listed. It also contains results which were obtained
during previous measurements in 2010. One was performed by the BKG and another value was
measured with the atom interferometer in a different room and then transferred (see [65, 66]).
The differences between the absolute values of the GAIN sensor and the FG5/FG5X yield
260 nm/s2 and 306 nm/s2 in 2010 and 2013 respectively. The values measured in 2013 are a
little higher compared to the ones in 2010 which might be due to new buildings constructed in
the near neighborhood and new machines in the workshop.
Finally, it has to be emphasized that the remaining drifts and features all have very small
amplitudes, at the order of a few 10−9 g, and that the location is not perfectly suited for such
precise gravity measurements. In order to reach even better results it is necessary to use special,
dedicated pillars which are decoupled from the buildings. This has been realized during a third
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campaign which is presented in the following part.
6.3. Comparison with the superconducting gravimeter
Another comparison was performed in October, 2013 at the Geodetic observatory Wettzell which
is situated in the South of Germany. The observatory is operated by the German Federal Agency
for Cartography and Geodesy (BKG). At the station the superconducting gravimeter SG-30 is
installed for permanent gravity registration and has already been characterized and calibrated
in the course of regular comparisons with absolute gravimeters. The SG-30 is a dual sphere
superconducting gravimeter including two measurement systems aligned on top of each other.
They have much lower scatter and drift rates compared to mechanical spring-type gravimeters
and offer also a higher temporal resolution than the laser interferometer absolute gravimeters.
The SG-30 was installed in 2010 and its sensors have now, after initial run-in effects, almost linear
drifts which are determined to only −161.84 ± 0.24 nm/s2 per year and −54.03 ± 0.24 nm/s2 per
year for the lower and upper system respectively [91]. As a consequence its signal can be used
for a more precise characterization of the atom interferometer.
In between the comparison campaigns the atom interferometer had been equipped with a
complete new switching and distribution system for the MOT laser beams (see Sec. 3.2). It
allows for continuous operation without re-alignment of the MOT system when operated at a
fixed location even outside of optics laboratories with temperature variations of up to a few
degree Celsius and possibly also at higher variations. It also drastically reduces efforts and the
time required for re-installing at a new location after transportation. In addition, an automatic
intensity stabilization system for the Raman laser beams was implemented. Both systems ensure
stable operation conditions with very constant laser intensities on all optical fibers which are
also monitored by integrated photodiodes.
After transportation from Berlin to Wettzell the atom interferometer was re-installed within
a few days inside the gravimeter house. It was placed on a special pillar dedicated to gravimeter
measurements which was decoupled from floor vibrations and only a few meters away from the
superconducting gravimeter. A map of the gravimeter house can be found in the Appendix E.
6.3.1. Gravity recordings
The top figure in 6.4 shows the measured gravity variations recorded by the atom interferometer
(blue dots) and by the lower sensor of the superconducting gravimeter (solid black line) over a
period of 11 days. Both time series have been averaged over 10 min. In the middle figure the
residuals of both signals are plotted after correction for tides, ocean loading, and atmospheric
mass effects calculated by the theoretical models. Here, each data point is the average of all
measurements taken by the atom interferometer within an interval of 60 min. Data from the
lower sensor of the SG-30 is equally averaged and in addition corrected for the sensor’s well-
known linear drift. It is plotted as a solid black line. The lower figure shows the difference
between both gravimeter signals. Error bars of the SG-30 are not displayed because they are
below 0.1 nm/s2.
The time series of both instruments show almost the same course of the measured gravity
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Figure 6.4.: Top: Gravity variations measured by the atom interferometer (blue dots) and the
superconducting gravimeter (black solid line). Middle: residuals for both instruments after correction
for tides, ocean loading, and atmospheric mass effects. Bottom: difference between both gravimeter
signals.
variations which are mainly dominated by the basic tidal effect. Differences become only ap-
parent in the residuals and the difference signal between the instruments. A slow oscillation
with a period of approximately one week and a peak-to-peak value of about 10 nm/s2 can be
identified in both signals. In contrast, semidiurnal oscillations with a slightly lower amplitude
are only visible in the superconducting gravimeter signal. Both of these oscillations are probably
due to marginally imperfect local parameters available for the tidal corrections [91]. Remaining
variations in the difference signals are basically below ±10 nm/s2.
6.3.2. Long-term stability
The long-term stability of the atom interferometer can be characterized by the Allan deviation
of the corrected gravity signal. This two-sample deviation, which is often used to characterize
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Figure 6.5.: Allan deviation: The blue solid line and the dashed black line show the Allan deviations
of the residuals of the GAIN and the SG-30 sensors, respectively. The 3 additional, solid lines
represent the Allan Deviation calculated for the difference signal between the two gravimeters without
and with different corrections explained in the text. The thin, straight line indicates the expected
slope in the case of perfect white noise. The inlet shows an enlarged detail.






with the expected value of the normalized deviations ȳk = ⟨∆gg ⟩k within the kth time interval of
length τ , see Appendix C.
For the calculation, only data taken after November 1 has been used, since during the first 4
days a daily oscillation of the room temperature with an amplitude of about 1 K has been ob-
served. Including these days would result in a different behavior on this timescale (τ ≈1 × 105 s)
which is also the period of the daily tides and therefore important for the determination of
the scaling factor of the superconducting gravimeter in the following. During the other days
room temperature fluctuations could be slightly reduced and also showed a different temporal
behavior.
In Fig. 6.5 the blue solid line and the dashed black line show the Allan deviations for the
residuals of the atom interferometer and the superconducting gravimeter respectively when
corrected with the help of the theoretical models introduced before. The Allan deviation for the
atom interferometer decreases in the beginning almost with a slope of τ−1/2, which corresponds
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Scaling factors (SF) lower sensor upper sensor
previous mean SF (nm/s2/V) −739.0 ± 1.1 −678.4 ± 1.0
SF from this campaign (nm/s2/V) −740.4 ± 0.3 −680.6 ± 0.3
Table 6.2.: Previous and newly determined scaling factors for the SG-30 sensors.
to white noise (indicated by a thin linear slope in the figure). For times longer than 6 × 103 s
(≈ 1.5 hours), its value stays almost constant and only slightly decreases to lower values at
1 × 105 s (more than one day). The dashed slope for the SG-30 is calculated to estimate the
reliability of the theoretical models at different timescales. Its rising for times longer than 200 s
is due to the fact that the models do not cover all environmental influences affecting the gravity
value. A drift of the SG-30 is not expected to be the reason because of former characterizations
of the instrument. This is also supported by the Allan deviation for the difference signal between
both instruments (red line). For observation periods longer than 5 × 104 s, the signals of the
atom interferometer coincides to a higher extent with the superconducting gravimeter than with
the models.
The two additional curves are obtained when two corrections, an improved scaling factor for
the SG-30 and a time delay for the atom interferometer, are fitted and applied to the data. The
yellow curve includes the correction for the SG-30, the green curve includes both corrections.
Motivations and implementations are described in the following.
6.3.3. Scaling factor of the SG-30
Superconducting gravimeters levitate a superconducting sphere with the help of magnetic fields.
They compensate changing forces with a feed-back loop on the current and the latter gives their
output signal (see Sec. 1.3.2). In order to convert the values into accelerations it is necessary
to do a precise calibration and work out the scaling factor of the instrument. The factor has
to be determined by analyzing the influences of known gravity changes on the superconducting
gravimeter which typically allow for an accuracy of about 0.1 % [47, 48].
The scaling factors for the two sensors of the SG-30 had been determined during former
comparisons with different absolute gravimeters. The mean values yield −739.0 ± 1.1 nm/s2/V
and −678.4 ± 1.0 nm/s2/V for the lower and upper sensor, respectively. However, the values
might be improved by further campaigns [91].
In the analysis of the current data we therefore used the large signal of the tidal effect during
the last five days of the measurement to improve the agreement between the time series of both
gravimeters by applying a fit of the scaling factor to the data. A linear regression gives slightly
increased factors of −740.4 ± 0.3 nm/s2/V and −680.6 ± 0.3 nm/s2/V. The new scaling factor
improves the Allan deviation of the difference signal between both instruments at the expected
timescale of about half a day, see yellow curve in Fig. 6.5. Their uncertainties are below 0.05 %.
The previous and new scaling factors are summarized in Table 6.2.
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6.3.4. Time delay
The tidal signals of the superconducting gravimeter are affected by a constant time delay due to
its anti-aliasing filter and its electronics [13]. For the SG-30 this delay amounts to approximately
13 s [91]. For the atom interferometer no significant time delay τ is expected since the delay
introduced by the vibration isolator becomes negligible at the tidal frequencies (see Sec. 3.1.2)
which have dominating amplitudes at semi-diurnal and diurnal tides. In order to verify the
expected relation, the correlation coefficient R[τ ], which is a measure of linear dependence





i=1(ggain[ti] − ḡgain)(gsg30[ti + τ ] − ḡsg30)
σgainσsg30
(6.2)
Here, ti denotes the discrete times of the single measurements taken by the atom interferometer
and σgain and ḡgain are the standard deviation and mean value of the corresponding data set.
Gravity data from the SG-30 has already been filtered by an analog anti-aliasing filter included
in the instrument before it has been sampled and allows for interpolation. Hence, corresponding
values for all times ti and for arbitrary time delays between both instruments can be calculated.









































Figure 6.6.: Correlation coefficient between the GAIN and SG-30 signals. Left: Coarse time shifts
from several hours up to one day reveal the self-similarity of the tidal effect. Medium shifts around
the center allow for the calculation of time delay at low frequencies (see text). Right: Fine shifts of
a few seconds show a very small oscillation near the center. Note the very different scales on both
axes of the two figures.
The correlation coefficient in Fig. 6.6 shows different features for small and large time shifts.
On a coarse time scale the correlation function reflects the self-similarity of the dominating tidal
effect. It starts at 0.98 around zero shift showing the linear correlation and decreases to both
directions to below −0.6 for shifts of approximately six hours. Another strong maximum is
reached near ±24 hours. Around its maximum the coefficients shape can be approximated by
a parabola. A mathematical fit to points within ±10 min from the maximum reveals its central
position at −20 ± 2 s. This means that the signals of the atom interferometer are delayed by
20 s relative to the SG-30 lower sensor at these low frequencies with periods of several hours and
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Time delay of relative to for microseism for tidal signals
GAIN SG-30 −6 s +20 s
SG-30 Seismometer +6 s -
Table 6.3.: Relative time delays between sensors. A positive value indicates a time lag of the
instrument in the first column relative to the one in the second column.
longer. A correction of the atom interferometer’s signal for this delay results in an even more
improved Allan deviation between 1 × 104 s to 1 × 105 s and therefore supports the outcome.
The result does not depend, within the stated errors, on the order of the determination of the
scaling factor and this time delay. The Allan deviation including both corrections is shown as a
green curve in Fig. 6.5. The relative delay plus the time delay of the SG-30 of 13 s gives a total
delay of 33 s for the GAIN sensor.
A second feature of the correlation coefficient can be observed on a smaller time scale (τ <
1 min), where the parabola is almost flat. The coefficient shows a very small oscillation with a
period of approximately 7.5 s and a decaying amplitude for increasing time shifts. The corre-
sponding frequency for this period is about 0.13 Hz and can also be found in the ASD of the
superconducting gravimeter, see Fig. 6.7. It is part of the microseism of the Earth and thus
influences both instruments although it is barely visible in the signal of the atom interferometer
due to its larger noise and the suppression of the vibration isolator. The maximum correlation
value for this oscillation is reached for a time shift of 6 s implying a (longer) delay for the su-
perconducting gravimeter at this frequency. The oscillation enhances by a factor of 30 when
the correlation coefficient is calculated for gravity data taken on November 1 when a stronger
microseism background was present. It has a peak to peak amplitude of almost 0.02 and a
period of 8.5 s which corresponds to a frequency of 0.12 Hz. Its maximum value again indicates
a delay of 6 s for the SG-30 sensor. The increased strength and changed period on this day
can also be seen in the ASD. An analog analysis has been performed using the signals of an
additional seismometer, CMG-40 from Guralp, which was operated on the same pillar as the
atom interferometer. Its internal bandwidth only allows to measure microseism and not tidal
signals. The data of the CMG-40 have been low pass filtered with a discrete Bessel filter (fifth
order, cutoff-frequency of 1 Hz) for the analysis. The delay of the SG-30 relative to the CMG-40
yields 6 s. The time delays of the seismometer and the applied filter have been estimated from
the manufacturer’s data and from simulation respectively. Their sum is ≈ 0.5 s. Time delays for
frequencies around the resonance of the vibration isolator are expected to be strongly frequency
dependent and would need a more detailed analysis of this sub-component. However, there are
no signals present in this regime which reach amplitudes above the instrumental noise of the
atom interferometer, see ASD in Fig. 6.7. The relative delays are listed in Table 6.3.
The stronger time delay of the SG-30 for the microseism can be explained when the delays
of the individual instruments are considered. Data from the SG-30 is processed by a strong low
pass filter with a cutoff frequency near the microseism. A value of several seconds and below
the delay of 13 s for tidal signals seems reasonable. In the case of the atom interferometer the
frequencies are clearly above the resonance of the active vibration isolator such that a negligible
influence is expected. The relative delay between SG-30 and CMG-40 is consistent. In contrast,
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the total time delay of 33 s for the atom interferometer is contradictory to the expectations.
A contribution of the vibration isolator is again expected to be negligible (see Sec.3.1.2). One
possible explanation might be the influence of the detection and the deformation of the fringe
(see Sec. 5.4). During the measurements a slow tracking of the fringe’s maximum with a time
constant of around 15 minutes has been used. As a consequence the tested phases on the
right and left slope have not been perfectly symmetric to the maximum when gravity changed
at large rates as in the case of tidal influences. The observed influence at ≈ 2 × 10−10 g in the
Allan deviation corresponds to about 3 % of the maximal effect when measured on a single slope.
Therefore, the deformation might simulate such a delay. For the future, a better detection with
more homogeneous projection optics minimizing the deviation and a faster tracking should easily
reduce this influence.
6.3.5. Amplitude spectral densities
Different signal and noise components of the two sensors can be analyzed with the help of
their amplitude spectral density (ASD). Figure 6.7 shows the ASD2 for gravity variations
observed on two days with different microseismic background. This time the data also includes
the tidal signals to demonstrate at which frequencies the signals and the instrumental noise are
dominating. Solid and dashed lines show the ASD for November 4 and 1, respectively. The ASD
of the atom interferometer signal shows an almost constant noise level corresponding to white
noise at approximately 2 × 10−7 ms−2Hz−1/2 over several frequency decades. This behavior
agrees with the observed slope of the Allan deviation in Sec. 6.3.2. The ASD increases for both
instruments below 2 × 10−3 s due to tidal variations, which are still included in the analyzed time
signals, and cause a broad maximum for times around one day. It has a slightly different shape
on the two days but looks the same for both instruments at each measurement period. The
peak at 0.17 Hz is situated at a quarter of the experiment’s repetition rate and is not included in
the spectral density of the SG-30. It is caused by the 4 different measurement configurations of
the experiment including changes between Raman light vectors and slopes of the fringe. Using
an extended model for the fringe pattern obtained from the detection (see Sec. 5.4), its original
amplitude could be slightly reduced.
The spectrum of the SG-30 signal in general shows a lower noise level. It includes two broader
peaks around 0.06 Hz and 0.13 Hz which belong to the microseismic background of the Earth.
On November 1 both peaks are strongly increased and slightly shifted to lower frequencies
(dashed black line). The peak at the higher frequency is now also visible in the GAIN ASD
(dashed blue line) though it is damped by the vibration isolator system. The other one is still
completely filtered. Figure 6.8 shows an enlarged detail of the microseism. It also includes the
corresponding ASDs of the seismometer CMG-40 (orange lines), which was operated next to the
atom interferometer. A comparison between the ASDs of November 1 illustrates the suppression
of seismic vibrations for the GAIN and SG-30 sensors. On November 4 its signal is limited by
its internal noise at lower frequencies. The peak at 0.87 Hz is due to the MOT coils of the GAIN
sensor, which are pulsed at the repetition rate.
2The ASD has been calculated from the gravity values using the LTPDA toolbox [94] for the computational
environment MATLAB [95].
86











































Figure 6.7.: Amplitude spectral densities of the atom interferometer (blue lines) and supercon-



























Figure 6.8.: Enlarged detail of the amplitude spectral densities with additional seismometer signals
(orange lines).
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6.3.6. Absolute gravity value
The absolute gravity value has been measured for several times on the pillars in the gravimeter
house mainly by FG5 absolute gravimeters. It applies to a height of 1.25 m at the position
of the pillar the atom interferometer has been operated at. The observations made by the
superconducting gravimeter have been used to identify temporal variations between different
measurement times and to correct for them. For the period of our measurement the time
series of the SG-30 indicates an absolute level which is 10 nm/s2 below the mean value. This
gives 9 808 369 623 ± 18 nm/s2 for the period between October 27, 2013 and November 07, 2013
[91, 96].
The absolute value measured by the atom interferometer is, up to now, only a preliminary
value since not all possible systematic effects have been investigated to the full extent. Therefore,
no number is given for the uncertainty here. The value has been transferred from the effective
measurement height of 1.388 ± 0.002 m to the height given above with the help of Eq. 2.58 and
the local gravity gradient of 2900 nm/s2/m. The latter was also provided by the BKG. The
preliminary absolute value yields 9 808 369 754 nm/s2 which is only 131 nm/s2 above the expected
value for this period. A large part of the difference might be due to the influence of wave fronts
and MOT coil switching (see Chapter 5).
6.4. Mobility of the instrument
Another aspect of the comparison campaigns is the level of mobility of the GAIN instrument.
The campaigns were performed at different locations and their order reflect the level of mobility
reached at the correspondent time. The locations also determined the choice of the classical
gravimeter to compare with because of their different flexibilities.
• During the first campaign in December, 2012 the GAIN sensor was operated at its regular
place in our laboratory on the second floor. The gPhone, which is highly flexible, e.g., it
can be operated in this environment with only slightly reduced performance, was operated
next to our sensor. This way, operative readiness of the atom interferometer could be
assured in advance.
• For the second campaign it was important to perform the measurements on the first floor,
i.e., at ground level, to achieve a good performance with the FG5 instrument. Therefore,
the GAIN sensor was moved in June, 2013 to another room in the same building where it
was reinstalled over the period of a few weeks to full operation. This period also included
part of the changes made to the laser system. The temperature variations inside the new
room, which was equipped with an air conditioning not designed for an optics laboratory,
increased to approximately 5 ◦C. The new installed switching modules as part of the laser
cooling system (see Seq. 3.2) allowed for almost continuous operation also in this more
demanding environment with, at the same time, a drastically reduced need for realignment
during the campaign. The migration within a building was also a first test of the mobility.
• The third comparison campaign was performed together with the superconducting gravime-
ter SG-30, which is installed at the geodetic observatory Wettzell operated by the BKG.
88
6.5. Noise analysis
December 4, 2012 June 8, 2013 November 2, 2013
Location: 2nd floor 1st floor Dedicated pillar
Extracted from:
RMS standard deviation 113 nm/s2 176 nm/s2 142 nm/s2
Limit from mirror vibrations 115 nm/s2 173 nm/s2 167 nm/s2
Allan deviation for τ = 1.5 s(a) 115 nm/s2 151 nm/s2 126 nm/s2
ASD “white noise level”(a,b) 163 nm/s2
Table 6.4.: Atom interferometer noise per single shot in different environments, obtained with
different methods. (a)The Allan deviation and ASD have been calculated for periods of several days.
(b)ASD level around 10−2 Hz in Fig. 6.7 divided by

1.5 /Hz.
In September, 2013 the GAIN instrument was transported over 600 km to the South of
Germany to compare it to the most sensitive gravimeter type. This time reinstalling and
complete alignment was achieved within a few days.
• The time needed for reassembling could be further reduced to less than a day after the
return transport to Berlin by optimizing the work flow.
6.5. Noise analysis
During the campaigns the atom interferometer was operated at three different locations with
changing vibrational levels. Table 6.4 summarizes the the RMS standard deviations and also
the expected limitations calculated from the residual vibrational noise of the reference mirror
(see 3.1.2). Both have been calculated for the same periods. In addition, the interferometer
noise is extracted from the Allan deviation and the ASD which represent longer periods.
The analysis reveals two important information. The first aspect is the limit due to the residual
mirror vibrations. It is very similar to the interferometer noise in each of the campaigns. Hence,
the vibrations seem to be the dominant limitation of the interferometer. This also matches with
other observations. Noise measurements in a Doppler-free configuration, where the two Raman
beams from the top drive the interferometer transitions and the influence of the reference mirror
is excluded, showed RMS phase noise corresponding to only 38 nm/s2 per shot. A second
aspect are the differences of the noise levels between the campaigns. They slightly vary between
113 nm/s2 to 176 nm/s2 while the best result was observed at the laboratory on the second
floor which was the location with the strongest floor vibrations. The resulting limitation on the
dedicated pillar in Wettzell is unexpectedly not lower but even slightly higher. In this regard, it
was not possible to profit from the significantly lower floor vibrations (see Fig. 6.8 and Fig. 3.3).
This behavior indicates an effective noise floor on top of the active vibration isolator resulting in
a decreased damping at seismic quiet sites. It would also explain the stable noise level observed
during day- and nighttime.
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7. Conclusion and perspectives
During this thesis the GAIN atom interferometer has undergone a number of modifications
which all have also been designed with regard to mobile measurements and increased long-term
stability of the sensor. The newly developed laser switching modules clearly reduce the amount
of maintenance during operation and after transportation. They build one key component for
the achievement of the presented results. In addition, their volume has been reduced to approx-
imately 10 % of the former module and thus their design can be seen as one first building block
for a potential further miniaturized atom interferometer in the future. The Raman laser sub-
system has been equipped with an additional intensity stabilization system which is capable of
controlling the two Raman laser beams after their overlapping. Their ratio is kept constant at a
position from whereon there are only common perturbations. This way possible AC Stark shifts
influencing the interferometer are kept constant. A new method for tilt control has been devel-
oped. It suppresses another systematic effect to a sufficient level and allows for instantaneous
monitoring.
The atom interferometer has been compared to the three well-established gravimeter types
commonly used. During the first and second campaign sensitivities as low as 138 nm/s2/
√
Hz,
which was similar to the one of the gPhone and superior to the one of the FG5X, have been
demonstrated. It has been found that the sensitivity is mainly limited by the residual vibrations
of the reference mirror and not by the atom interferometer itself. After completion of all modi-
fications an improved level of mobility of the instrument has been reached. It has been proven
during the transport to Wettzell and by the efficient recommissioning. At this new location the
long-term stability has been investigated in a comparison with a superconducting gravimeter.
Residual variations of below ±10 nm/s2 ≈ 10−9 g without observable long-term drifts and an
Allan deviation of 5 × 10−11 for an integration time of ≈ 105 s has been reached. To our best
knowledge this is the first time this level of stability could be achieved with a gravimeter based
on atom interferometry. It enables the atom interferometer to determine the scaling factor of
the superconducting gravimeter with very high precision. If the observed time delay of the
GAIN sensor can be sufficiently suppressed in the future, the instrument will offer the ability to
characterize two important properties of superconducting gravimeters.
The realization of drift-free measurements provides the basis for the determination of the ab-
solute gravity value with the targeted precision of 5 × 10−10 g. The preliminary value measured
during the last campaign only differs by 1.5 × 10−8 g from the value provided by the BKG. It
is expected that a closer analysis of the two major remaining systematic effects, wave front
distortions and pulsed magnetic fields from the MOT coils, will reduce this offset and reveal an
uncertainty at the lower 10−9 g level or better. This is also the order of magnitude for deviations
between other established absolute gravimeters [52]. A complete understanding of the system-
atic effects of the atom interferometer at this level could help to improve gravity observations
in general. An appropriate magnetic shield will be installed within the next months.
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Further improvements might also be possible for the sensitivity of the GAIN sensor, since it
has become clear that limitations are mainly due to the residual vibrations and that they, in
the current setup, don’t decrease at seismic quiet locations. Vibration isolation stages based on
the scheme used here have already demonstrated enhanced sensitivities by a factor of ≈ 3 at
seismic quiet locations [33, 97]. Other interesting developments include a combination of an atom
interferometer and a classical accelerometer without an vibration isolation platform but with
real time correction of the phase of the atom interferometer. It reaches a larger bandwidth which
could be used for navigation [98]. In another experiment [23, 99] two separated atomic clouds
are used for a dual simultaneous atom interferometer in order to measure the gravity gradient at
the same time. The differential acceleration measurement has the advantage of a common-mode




The tidal prediction, ocean loading, and polar motion have been calculated with the software
T-Soft [81] using the parameters the following parameter sets. Earth orientation parameters
for the calculation of polar motion effects have been obtained from the IERS (ftp://hpiers.
obspm.fr/iers/eop/eopc04_05/).
For Berlin
Frequency Amplitude Phase Tide symbol
from to
0.000000 0.002427 1.000000 0.0000 DC
0.002428 0.249951 1.160000 0.0000 Long
0.721500 0.906315 1.154250 0.0000 Q1
0.921941 0.974188 1.154240 0.0000 O1
0.989049 0.998028 1.149150 0.0000 P1
0.999853 1.216397 1.134890 0.0000 K1
1.719381 1.906462 1.161720 0.0000 N2
1.923766 1.976926 1.161720 0.0000 M2
1.991787 2.002885 1.161720 0.0000 S2
2.003032 2.182843 1.161720 0.0000 K2
2.753244 3.081254 1.07338 0.0000 M3
3.791964 3.937897 1.03900 0.0000 M4




cM2 : 1.0115e-008 52479
cS2 : 3.4929e-009 25350
cK1 : 1.7434e-009 75865
cO1 : 1.3859e-009 142457
cN2 : 2.1046e-009 76773
cP1 : 6.3896e-010 83687
cK2 : 8.9715e-010 24409
cQ1 : 3.0384e-010 -133923
Mf : 0.0000 0.0000
Mm : 0.0000 0.0000
Ssa : 0.0000 0.0000
Table A.2.: Ocean loading parameters for Berlin-Adlershof from [89]
For Wettzell
0.000000 0.000010 1.00000 0.0000 long
0.000011 0.003426 1.16000 0.0000 SA
0.004709 0.010952 1.16000 0.0000 SSA
0.025811 0.031745 1.16000 0.0000 MSM
0.033406 0.044653 1.16413 -0.2564 MM
0.060131 0.068640 1.13394 -2.6340 MSF
0.069845 0.080798 1.14618 0.5581 MF
0.096422 0.104932 1.05720 -2.7465 MSTM
0.106136 0.115412 1.15201 0.4617 MTM
0.130192 0.143814 1.07174 1.4338 MSQM
0.145166 0.249952 1.07405 2.7620 MQM
0.721499 0.833113 1.15321 -0.5698 SGQ1
0.851181 0.859691 1.15099 -0.6368 2Q1
0.860895 0.892332 1.14803 -0.5287 SGM1
0.892639 0.892951 1.09091 1.0752 3MK1
0.893096 0.896130 1.14598 -0.1533 Q1
0.897806 0.906316 1.14643 -0.0698 RO1
0.921940 0.930450 1.14852 0.1212 O1
0.931963 0.940488 1.15457 0.3437 TAU1
0.958085 0.963857 1.14417 0.3892 NTAU
0.965532 0.965828 1.14991 0.3143 LK1
0.965842 0.966285 1.08257 0.5669 M1
0.966298 0.966757 1.15184 0.1653 NO1
0.968564 0.974189 1.15037 0.1650 CHI1
0.989048 0.995144 1.14713 0.3049 PI1
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Frequency Amplitude Phase Tide symbol
from to
0.996967 0.998029 1.14896 0.1671 P1
0.999852 1.000148 1.12173 3.0010 S1
1.001824 1.003652 1.13560 0.2230 K1
1.005328 1.005624 1.24923 0.8594 PSI1
1.007594 1.013690 1.16486 -0.1826 PHI1
1.028549 1.034468 1.15449 0.0787 TET1
1.036291 1.039193 1.15557 0.1071 J1
1.039323 1.039649 1.08156 0.3972 3MO1
1.039795 1.071084 1.15508 0.1947 SO1
1.072582 1.080945 1.15285 0.1639 OO1
1.099160 1.216398 1.15369 0.3790 NU1
1.719380 1.823400 1.13564 1.7441 3N2
1.825517 1.856954 1.14920 1.5689 EPS2
1.858776 1.859382 1.06597 0.0086 3MJ2
1.859542 1.862429 1.16147 2.3841 2N2
1.863633 1.895070 1.16150 2.1001 MU2
1.895362 1.895689 1.07294 0.0679 3MK2
1.895834 1.896749 1.17662 1.9754 N2
1.897953 1.906463 1.17787 1.9107 NU2
1.923765 1.927418 1.18174 1.8966 GAM2
1.929388 1.930155 1.22538 -0.4048 ALF2
1.931360 1.933188 1.18426 1.4344 M2
1.934392 1.935322 1.22596 1.0342 BET2
1.936982 1.942754 1.16266 -0.1161 DEL2
1.958232 1.963709 1.18772 0.8189 LAM2
1.965826 1.968566 1.18615 1.0721 L2
1.968727 1.969170 1.06721 -0.1797 3MO2
1.969183 1.976927 1.18773 1.0716 KNO2
1.991786 1.998288 1.18409 0.4838 T2
1.999705 2.000767 1.18393 0.3400 S2
2.002590 2.003033 1.20345 1.0792 R2
2.004709 2.005167 0.98011 -1.0829 3MQ2
2.005312 2.013690 1.18461 0.5371 K2
2.031287 2.047391 1.18205 0.1235 ETA2
2.067578 2.073660 1.16462 -0.6703 2S2
2.075939 2.182844 1.16938 -0.3883 2K2
2.753243 2.869714 1.07009 0.5366 MN3
2.892639 2.903887 1.06944 0.3803 M3
2.927106 2.940326 1.08194 0.1090 ML3
2.965989 3.081255 1.05853 0.2767 MK3
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A. Tidal parameters
Frequency Amplitude Phase Tide symbol
from to
3.791963 3.833114 0.52662 -81.2471 N4
3.864399 3.901459 0.31428 61.6901 M4
3.937748 3.937898 1.05822 37.2413 K4
Table A.3.: Tidal parameters for Wettzell from [91]
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B. Raman intensity controller
Figure B.1.: Raman intensity controller circuit: The feedback control loop includes a proportional-
integral (PI) circuit and an additional sample and hold chip at the output (OUT1). During the
control phase, when the appropriate photodiode signal is present at the input (PDIN), the feedback
signal passes the sample and hold chip. When switching into hold state the output is kept constant
at its latest value. A copy of the circuit controls the second laser beam intensity. The logic for
switching between states is implemented using a microcontroller, see Fig. B.2.
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B. Raman intensity controller
Figure B.2.: Raman intensity controller logic: When triggered at its input the microcontroller itself
sends trigger signals with a certain timing to interrupt the frequency stabilization of the Raman slave
laser and hold its latest feedback parameters constant. Then, the controller consecutively closes the
shutters for the two Raman laser beams and activate the corresponding intensity control loops.




The Allan variance is a measure for the stability of a signal in the time domain. It is commonly
used for the noise analysis of the frequencies of clocks but can also be applied to other signals.
In contrast to the standard variance it is convergent for most types of noise which can be found
in frequency sources [93].












ν0 is the carrier frequency and the single measurements are sampled over the observation period
τ0 and spaced by the time T ≥ τ0. The mean value is m = 1N
N
i=1 yi. For measurements
without dead time, i.e., τ0 = T , the expected value of the two sample variance (N = 2) gives










for the number of M fractional frequency values. It can also be calculated for multiples of the
original sampling time τ = nτ0 by first averaging n adjacent samples to ȳk = ⟨yi⟩k lying within
the kth of ⌊M/n⌋ time intervals.
In the case, when the measured frequencies νi are still sampled over τ0 but have spacings due
to dead times of the measurement process (T > τ0), the two sample variance including dead
time σ2y(N = 2, T, τ) is related to the Allan variance σ2y(τ) via the bias function [100]
B2(T/τ, µ) =
σ2y(N = 2, T, τ)
σ2y(N = 2, T = τ, τ)
=
σ2y(N = 2, T, τ)
σ2y(τ)
. (C.4)
The parameter µ is connected to the noise type of the measured data and describes the depen-
dence of the Allan variance on the averaging time
σ2y(τ) ∝ τµ. (C.5)
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C. Allan variance
It becomes visible as the slope of the Allan variance when the latter is plotted on a double
logarithmic scale. The parameter µ is connected to the exponent α of the power law for the
PSD Sy(f)
Sy(f) ∝ fα (C.6)
via the relation µ = −(α + 1), α < 2. For white noise the parameters yield µ = −1 and α = 0
and the relevant bias function is B2(T/τ ≥ 1, µ = −1) = 1 [100]. The gravity residuals, after
correction for the tidal signals, are in good accordance with this noise type and thus the dead
time of the measurement process can be neglected.
The Allan deviation σy(τ) is the square root of the Allan variance σ2y(τ).
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D. Effect on gravity from atmospheric mass
redistribution
Gravity variations due to atmospheric mass redistribution have been estimated using the fol-
lowing equation
gatm = aatm(p− p0) (D.1)
with the local air pressure p and the admittance factor aatm ≈ 3.0 nm/s2/hPa. The normal
atmospheric pressure p0 is calculated with the help of the international standard atmosphere
p0 = 1013.24 hPa

1 − 0.0065 · h288.15 m
5.2559
(D.2)
and gives 942.5 hPa for Wettzell (606.6 m above sea level) and 1009.0 hPa for Berlin-Adlershof
(35.3 m). h is the local height above sea level.
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E. Measurement in Wettzell
Berlin
Wettzell
Figure E.1.: Transport from Berlin to Wettzell over a distance of about 500 km.
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E. Measurement in Wettzell
Figure E.2.: Map of the gravimeter house at the Geodetic observatory Wettzell, from [91]. The
atom interferometer was installed at the pillar marked with “FA”. The superconducting gravimeter
was on pillar “GA”.
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